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ABSTRACT 
Fatigue resistances of various tube-to-transverse plate welded connections for 
highway sign, signal, and luminaire support structures were evaluated experimentally and 
analytically. The connections considered for this study were unstiffened fillet- and groove-
welded, stiffened fillet-welded tube-to-transverse plate welded connections including 
round and multi-sided tube cross sections. Due to the influence of the local out-of-plane 
bending on the connection behavior, local stresses were used for the evaluations. Two local 
stresses, which were the geometric stress (DNV 2012) and the notch stress (Roy and Fisher 
2005), were used for assessing respectively finite and infinite life fatigue resistances. 
Applicability of these stresses for fatigue resistance evaluation on tube-to-transverse plate 
welded connection was verified by experimental study. 
Ten types of 68 full-scale specimens were fatigue tested under constant amplitude 
loading. Most of the unstiffened fillet- and groove-welded tube-to-transverse plate 
connection experienced fatigue cracking at the weld on the tube. Some of the fatigue cracks 
in groove-welded connections initiated from the backing ring top weld due to the poor 
quality of the weld. All the fatigue cracks in the multi-sided tube-to-transverse plate welded 
connections were initiated from the bend corner and propagated to the flat face of the tube. 
Especially, the multi-sided tubular connections had sharp bend corner experienced very 
early fatigue cracking at the sharp bend corner compared to round tubular connections 
having similar geometries. In the stiffened tube-to-transverse plate fillet-welded 
connections, two fatigue cracking mode was observed, which were weld toes on the tubes 
of the stiffener termination and fillet-welded tube-to-transverse plate. Fatigue test results 
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obtained from this study and other studies were collected and used for the fatigue resistance 
evaluation. Fatigue resistance of the connections in both finite and infinite life regimes 
were defined in terms of geometric and notch stress concentration factors. 
Analytical study was conducted to extend the experimental results over a broad 
range of structure sizes and geometric combinations. Geometric parameters which affected 
the behavior of the connections were selected and the ranges of parameters were 
determined based on the survey of the standard drawings of each state department of 
transportation. Influences of each geometric parameters on the behaviors of each 
connection were investigated. The results demonstrated that the interaction between the 
transverse plate and tube governed the behavior of unstiffened tube-to-transverse plate 
welded connections. Reducing transverse plate flexibility was the most effective method 
of decreasing stress concentration and improving fatigue resistance of the connections. 
Analysis for multi-sided tubular connection demonstrated that the bend corner in multi-
sided tube cross section worked like a stiffener and developed stress concentration. Sharp 
bend corner made by less number of sides and small bend radius produced high stress 
concentration. For stiffened tube-to-transverse plate fillet-welded connections, the ratio 
between tube and stiffener thicknesses, height of stiffener, and distance between stiffeners 
were the important factors for determining fatigue resistances of two critical locations, 
which were the stiffener termination and the fillet-welded tube-to-transverse plate 
connection. Also, it was found that the tube thickness is the major geometric parameter 
influences the normalized notch stress, which the notch stress was normalized by the 
geometric stress. 
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Based on the investigation of the influences of each geometric parameter on the 
behaviors of the connections, parametric equations for each connection were developed 
using nonlinear regression analysis. The parametric equations accurately represented the 
influences of each geometric parameters and provided accurate estimation of geometric 
and notch stress concentration factors. 
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1 INTRODUCTION 
1.1 Background 
Tube-to-transverse plate welded connection is the most fatigue critical detail in 
sign, signal, and high level luminaire support structures. The tube-to-transverse plate 
welded connection can be classified into stiffened and unstiffened connection types by the 
presence of stiffeners. Fillet- and groove-welded tube-to-transverse plate connections are 
the most common detail types for unstiffened connections. As can be seen in Figure 1 (a), 
the tube is inserted into a matching through-thickness hole in the transverse plate for the 
fillet-welded tube-to-transverse plate connections, and the transverse plate and the tube are 
fillet-welded around the perimeter. For the groove-welded tube-to-transverse plate 
connections, the tube is attached to the top of the transverse plate using a groove-weld with 
backing ring [Figure 1 (b)]. The backing ring is fillet-welded to the top of the transverse 
plate and may be continuously fillet-welded or tack welded to the inside of the tube wall. 
In stiffened connections, generally triangular shape stiffeners are welded to the outside tube 
wall and the top of the transverse plate to protect the tube-to-transverse plate welded 
connection [Figure 1 (c)].   
The primary load carrying mechanism of the subject structures is in-plane 
membrane stress. However, near the tube-to-transverse plate connection region, the 
compatibility condition between the tube and the transverse plate introduces out-of-plane 
flexural deformation and bending stress through the thickness of the tube wall. For example, 
under pure moment the cross section of the tube will deform into an oval (pear) shape. The 
deformation of the transverse plate would, however, be less, because the transverse plate 
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is much thicker than the tube. Therefore, out-of-plane bending of the tube wall will occur 
from the need to maintain compatibility between the transverse plate and the tube wall. 
Figure 2 shows the maximum principal stress along the outer surface of the tube along the 
plane of symmetry. The surface stress is almost identical to the nominal stress away from 
the weld toe, but the surface stress is varying significantly due to the out-of-plane bending 
near the weld toe. The existence of a deep valley indicates the existence of the significant 
out-of-plane bending in the tube wall. Near the weld toe the out-of-plane bending causes 
tensile stresses. From this figure, it is evident that the stress at the welded connection is 
controlled by the out-of-plane bending. The out-of-plane bending stress is further amplified 
by the deformation of the transverse plate. In the Figure 2, the deformed section sketch 
shows that the transverse plate is pulling up the tube wall, and the transverse plate is also 
pulled to the right by the tube. Because of the interaction between the tube and transverse 
plate bending deformation, the stresses at the weld toe and the fatigue performance at the 
welded connection is affected by the relative stiffness between the tube and the transverse 
plate (Koenigs et al. 2003; Ocel 2006; Stam et al. 2011).  
The boundary effect is described above associated with the structure geometry, 
relative stiffness between the tube and the transverse plate. The fatigue performance of a 
tube-to-transverse plate welded connection detail can be controlled by the structure 
geometry. Evaluating fatigue performance of the tube-to-transverse plate connection, 
feasible structure geometry combination of welded connection should be considered. 
Because of the effect of relative stiffness of the tube and the transverse plate on the stresses 
at the weld toe, the fatigue performance of the connection will vary based on the 
dimensional parameters of the connection that contribute to the stiffness of the tube-to-
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transverse plate connection. Traditionally, fatigue performance has been experimentally 
assessed based on in-plane (membrane) nominal stress away from a weld toe, which is 
computed using strength of material equation. In case where fatigue critical stresses are 
significantly controlled by out-of-plane bending stresses, nominal stress based 
experimental assessment may not be feasible. First it is difficult to compute nominal stress 
for connections, where stresses are function of relative connection stiffness. If conventional 
nominal stress considering applied moment and the cross section property is used, the 
nominal stress based fatigue performance can only be determined for the connection 
geometries which was used for the development. Second, experimental evaluation of all 
cases may be impossible because of limited funding and time. Thus, fatigue performance 
of the tube-to-transverse plate welded connections should be investigated analytically 
verified by limited fatigue testing.  
Fatigue cracking of the tube-to-transverse plate welded connection in service has 
initiated mostly from the weld termination on the tube wall. The fatigue cracking at the 
weld toe is induced from the stress concentration due to the sharp notch condition at the 
weld toe, the high tensile residual stress inherent to the welding process, and presence of 
micro-discontinuities, such as slag inclusions at the fusion line. Theoretically, the stress 
value at the sharp notch condition or the micro discontinuity is infinity. Since the stress at 
the weld toe is considered as infinity, traditionally nominal stress has been used for the 
fatigue performance evaluation. The nominal stress approach works very well for a 
structure in which in-plane membrane stress is dominant. However, the nominal stress 
approach may fail to account for the case in which the stress concentration due to the 
geometric effect is dominant. On the other hand, the local stress approach is known to work 
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well for the case in which the stress concentration due to the out-of-plane bending stress 
(geometric effect) is dominant (Marshall and Toprac 1974). Therefore, a local stress 
approach is need for evaluating the fatigue performance of the out-of-plane bencding 
dominant structures.  
Number of local stress approaches for assessing fatigue performance has been 
proposed by numerous researchers and institutions (ABS 2003; API 2000; AWS 1980; 
Clayton and Irvine 1978; DEn 1984; DNV 2012; Dong 2001; Gurney 1979a; IIW 2000; 
Toprac et al. 1966; Xiao and Yamada 2003). The local stress can be divided into two 
components, geometric stress and notch stress, by considering the effect of the weld notch. 
If the local stress only considers the effect of the global geometry and does not consider 
the the effect of the weld notch, it is called the geometric stress. Geometric stress is also 
called with different names, such as hot-spot stress, structural stress or geometric stress. 
According to Niemi (1995), structural stress includes both nominal stress component and 
local shell bending stress component, which represents the effect of structural 
discontinuities (geometric effect). Hot-spot is the term to refer to the critical point in a 
structure, where fatigue cracking could be expected (usually, at the weld toe). Geometric 
stress is the stress at the hot-spot, but it does not include the weld notch effect. Thus, three 
stresses are the same stress with the different names. In this study, geometric stress is going 
to be used, because the term, “geometric”, clearly presents that this stress represents the 
effect of the connection geometry. On the other hand, notch stress includes both the 
geometric effect and the weld notch effect. The geometric stress and notch stress 
normalized by applied nominal stress can be determined as geometric stress concentration 
factor (GSCF) and notch stress concentration factor (NSCF), respectively. 
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Geometric stress approach determines the reference stress at a position away from 
the weld toe that captures the geometric variation. The geometric stress approach was 
developed in the offshore industry, and has been used with some success in tubular 
structures. There techniques have been extended to ship building industry. The major 
specifications in offshore industry and ship building industry have guidelines for applying 
geometric stress (ABS 2003; API 2000; DEn 1984; DNV 2012).  
Fatigue performance evaluation using geometric stress approach have been 
calibrated to weld cracking and as such, is only applicable to finite life estimation (Archer 
and Gurney 1970; DEn 1984; Marshall and Toprac 1974; Xiao and Yamada 2003). Detail 
discussion on the applicability of geometric stress on the infinite life fatigue performance 
assessment is prvided in Chapter 3. Since the geometric stress approach does not work for 
the assessment of fatigue performance in infinite life regime, the notch stress approach may 
be used to estimate the fatigue performance of the infinite life region. Roy and Fisher (2005) 
implemented a methodology for fatigue threshold of welded connections based on 
simplified stress life approach proposed by Smith et al. (1970), which consists of 
determining the fatigue effective notch stress at the weld toe and matching the fatigue 
effective notch stress with the endurance limit of the material at the notch root. The stress 
concentration at the idealized weld toe with zero radius is infinite. To determine the fatigue 
effective notch stress, a small fictitious radius at the weld toe is assumed, and the converged 
stress at the weld toe is used for further assessment of fatigue threshold. The fictitious notch 
radius of 0.04 in. (1 mm) is generally accepted by number of researchers, and applied to 
the notch stress approach (DNV 2012; Radaj et al. 2006; Roy and Fisher 2005).  
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The above local stress based methods do not consider the variability associated 
with the distribution of the micro discontinuities and the propagating the micro 
discontinuity to a crack. Thus, the methods cannot predict the life in propagation, which 
can be considered by the fracture mechanics approach (Paris and Erdogan 1963). Despite 
promise, application of fracture mechanics has not been successful. There has been a lot of 
debate about this method for three reasons. First, the starting point of the analysis is the 
initial flaw size, which is difficult to either measure or estimate. Second, the solutions for 
the stress intensity factor are available for only simple geometric configurations and stress 
boundary conditions. Third, coalesce of the discontinuities along the weld toe is difficult 
to simulate.  
The fatigue design provisions in the current AASHTO Standard Specification for 
Structural Supports for Highway Signs, Luminaries, and Traffic Signals, 5th. Edition 
(AASHTO 2009b) were developed based on limited fatigue test results of unstiffened fillet-
welded tube-to-transverse plate connections and anchor rods (Dexter and Ricker 2002; 
Fisher et al. 1981; Fisher et al. 1983; Kaczinski et al. 1998), and were extrapolated from 
the provisions for: the attachment details in the AASHTO LRFD Bridge Design 
Specification (AASHTO 1994); the tubular structure details in AWS D1.1 (AWS 1992); 
and similar structural details in the Eurocode 3: Design of Steel Structures (BSI 1992). 
These provisions do not consider the out-of-plane deformation associated with the 
connection geometry and as such, nonconformities were noted between the recommended 
fatigue categories and the limited test results for some details (Koenigs et al. 2003; Ocel 
2006; Stam et al. 2011) that were obtained after publication of the specification. Thus, there 
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is a need to establish fatigue resistance of these connections based on the consideration for 
the effect of the connection geometry.  
Experimental studies would be the best way to establish the fatigue performance 
of the connection. However, it is not feasible to conduct fatigue tests of all possible 
geometries of the connection due to limited time and budget. As such, fatigue performance 
of the connection has to be evaluated and optimized over the range of applicable geometric 
dimensions using parametric Finite Element Analyses (FEA) verified by limited fatigue 
test data. Similar to the recommendations and guidelines of offshore and ship industries, 
parametric equations, which provide geometric stress or notch stress, can be developed. 
The equations would provide fatigue performance of the connection without conducting 
fatigue test or FEA. 
1.2 Reviews of Studies for Tube-to-transverse Plate Welded Connection 
This section reviews noticeable studies regarding fatigue performance of sign, 
signal, and high level luminaire support structures or tube-to-transverse plate welded 
connections. Especially, it focused on the studies applied local stress approaches. 
1.2.1 Fisher et al. (1981; 1983) 
The earliest published fatigue tests result of steel light poles in the United Sates 
was conducted by Fisher et al. (1981; 1983) at Lehigh University. Two types of traffic sign 
and signal support structures fabricated by two different manufacturers were tested for the 
California Department of Transportation to assess their comparative performance. The 
specimens were full-size comprising both the pole and the mast-arm, and consisted of steel 
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tube-to-transverse plate fillet-welded connections. Altogether 14 specimens were tested. 
All specimens were hot-dipped galvanized. 
The two series of specimens were fabricated from two types of steels: A 283 grade 
D [Fy = 46.5 ksi (321 MPa), Fu = 65.5 ksi (452 MPa) per mill report]; and A 595 grade A 
[average Fy = 62.7 ksi (432 MPa), average Fu = 73.3 ksi (512 MPa) per mill report]; and 
they were identified as series 40 and 48, respectively. The designed geometric proportion 
of the specimens was identical except for the wall thickness of the tubes, and the size of 
the fillet welds joining the tubes to the transverse plate. The mast-arm transverse plate was 
fillet-welded to the box connection in contrast to the bolted connection that is commonly 
used in practice. 
Six specimens were initially provided for each series. Measurements of contact 
angle of the fillet-weld at the tube-to-transverse plate connection after the fatigue tests 
revealed that the 40 series specimens had an inclination of 45° to 47° for both the arm and 
the pole, whereas the weld inclination in the 48 series specimens ranged between 27° and 
28° with the longer leg on the pole wall. The unequal leg fillet welds had a favorable effect 
on the fatigue performance of the 48 series specimens, which demonstrated significantly 
greater fatigue resistance compared to the 40 series specimens. To verify this observation, 
two additional 40 series specimens were tested having unequal leg fillet welds at the tube-
to-transverse plate connection that produced contact angles of 34° and 30° respectively, at 
the arm and the pole 
The fatigue test results have been reproduced in Figure 3 along with the AASHTO 
Category E and E´ fatigue design curves. At high stress range levels of 12.5 ksi (86 MPa) 
and 19.0 ksi (131 MPa) the fatigue strength of the 40 series test specimens was less than 
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Category E´ and that of the 48 series specimens corresponded to Category E´. At the lower 
stress range level of 6.5 ksi (45 MPa), the 40 series specimens having equal leg fillet-
welded connection demonstrated fatigue resistance close to Category E´. The two unequal 
leg fillet-welded specimens of that series and the 48 series specimens achieved the 
Category E fatigue resistance. Based on the test results, it was concluded that the fatigue 
resistance of equal leg fillet-welded connection was less than Category E´ and that of 
unequal leg fillet-welded connection was equal to Category E´. The improved fatigue 
performance of the unequal leg fillet-welds were attributed to the decreased stress 
concentration due to a decrease in the contact angle.  
An important observation reported in this study was the difficulty of detecting 
small cracks in galvanized specimens. The coating apparently stretched and bridged small 
cracks. The galvanized coating also interfered with detection of small cracks with a 
magnetic or an eddy current probe. When specimens with no visible cracks were broken at 
the weld toe after cooling by liquid nitrogen, several small cracks ranging between 0.02 to 
0.08 in (0.5 to 2.0 mm) depth and 0.2 to 0.4 in (5 to 10 mm) width were found.  
A theoretical estimate of fatigue life was made based on fracture mechanics 
analysis, assuming a semi-elliptical initial flaw of 0.04 in (1 mm). The predicted fatigue 
resistance over-estimated the fatigue strength of the details, which was thought to be due 
to incorrect representation of the stress gradient correction factor in the estimate of the 
stress intensity factor of the assumed flaw. 
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1.2.2 Koenigs et al. (2003) 
After the publication of the AASHTO Standard Specification for Structural 
Supports for Highway Signs, Luminaires, and Traffic Signals, 4th Edition (2001), a research 
program on the fatigue performance of the mast-arm tube-to-transverse plate connection 
was undertaken by Koenigs et al. (2003). This research project was initiated to verify the 
newly introduced fatigue design provisions of the specification and to investigate means of 
improving fatigue performance of the mast-arm tube-to-transverse plate connections. 
Altogether 55 full-size mast-arm specimens were tested in two phases. Thirty specimens 
were tested in the first phase involving mast-arm tube-to-transverse plate fillet-welded 
connections with or without stiffeners. The detail variables considered were mast-arm tube 
wall thickness, length of stiffener and thickness of stiffener. In addition, enhancement of 
fatigue strength of fillet-welds by post-weld Ultrasonic Impact Treatment (UIT) was 
investigated. In the second phase 25 specimens were tested. Several variables were 
considered including fabrication location, galvanizing, transverse plate thickness, stiffener 
orientation, UIT before galvanizing, UIT after galvanizing, UIT in retrofit, U-Rib 
stiffeners, external collar, internal collar, and groove-welded mast-arm tube-to-transverse 
plate connections. All tests were conducted at a single level of minimum stress of 16 ksi 
(110 MPa) simulating dead load and stress range, and due to the large number of variables 
only two specimens per each type could be tested with the exception of the stiffener details. 
In addition to the fatigue testing, the fatigue performances of tested specimens 
were evaluated analytically using 3D FEA. The geometric parameters investigated are 
tabulated in Table 1. For analytical fatigue performance evaluation, the geometric stress 
methods recommended by DNV (2001) and ABS (2002) were adopted. Interesting point 
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was noted that both ABS and DNV provides the geometric stress methods for tubular 
structures, but Koenigs et al. considered the geometric stress method recommended for 
non-tubular welded connections. The geometric stress definition of ABS was the fatigue 
design for steel vessels and DNV was the fatigue design for non-tubular welded 
connections. Both ABS and DNV recommendation adopted linear extrapolation method 
which took the maximum principal stresses from t/2 and 3t/2 from the weld toe, where t 
was the thickness of the member. The differences between two methods were the location 
of the stress evaluation. According to ABS, the stresses were taken from the centroidal of 
an element. On the other hand, DNV methods recommended taking the nodal stresses. Due 
to the difference in stress evaluation locations, the geometric stress obtained by ABS 
method was extremely low and was rejected from the study.  
FEA models of twelve unstiffened and nine stiffened tube-to-transverse plate 
fillet-welded connection were analyzed for the analytical study. Tube thickness and 
diameter of 0.179 in. (4.5 mm) and 10 in. (254 mm) respectively, four bolts, transverse 
plate thickness of 1.5 in. (38 mm) were set as a reference model. The bolt circle diameter 
was not specified in the report. From the analysis of 12 unstiffened models, it was found 
that the length and the thickness of the mast-arm were having little effect on the geometric 
stress, but the flexibility of the transverse plate had major effect. By completely removing 
opening hole in the transverse plate reduced 40% of the geometric stress. Increasing the 
transverse plate thickness from 1.5 in. (38 mm) to 2.0 in. (51 mm) reduced the stress by 
24% and from 1.5 in. (38 mm) to 12 in. (305 mm), reduced the stress by 48%. Applying 
eight bolts also reduced the geometric stress at the tube-to-transverse plate fillet-welded 
connection. The analysis results definitely showed that the stiffer transverse plate reduced 
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the geometric stress, but the effect of the geometry of tube was not clear. The tube diameter 
was not considered as a geometric parameter.  
The analysis results for stiffened connection presented that providing stiffeners 
lowered the stress at the tube-to-transverse plate fillet-welded connection compared to the 
unstiffened models. Variation in tube thickness did not show any effect on geometric stress 
in tube-to-transverse plate fillet-welded connection and stiffener termination. Stiffener 
thickness also did not have effect on tube-to-transverse plate fillet-welded connection, but 
the stress increased at the stiffener termination as increasing stiffener thickness. As a result, 
the ratio between stiffener thickness and tube thickness had no effect on tube-to-transverse 
plate fillet-welded connections, but larger the ratio becomes higher the stress at the stiffener 
termination due to the punching effect. Increasing stiffener height from 3.0 in. (76 mm) to 
6.0 in. (152 mm) decreased the stresses by 13% and 26% at the tube-to-transverse plate 
fillet-welded and stiffener termination, respectively. Increasing number of stiffeners from 
four to eight also reduced the stresses at the tube-to-transverse plate fillet-welded 
connection and stiffener termination significantly. The geometric stresses at both locations 
of eight stiffener model were less than half of the stresses from four stiffener model. On 
the other hand, rotation stiffener orientation by 45° for four stiffener model could not 
protect the tube-to-transverse plate fillet-welded connections. The geometric stress at the 
stiffener termination decreased by 20%, but the geometric stress at the tube-to-transverse 
plate fillet-welded connections was even increased by 20%. Last, the effect of the stiffeners 
in the neutral axis negligible. Even with only two stiffeners at the top and bottom of the 
tube presented the same stress at both tube-to-transverse plate fillet-welded connections 
and stiffener termination.  
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This study was remarkable earlier works on verifying the effect of the geometric 
parameters on the fatigue performance analytically. Since large numbers of combinations 
of the geometric parameters were not analyzed, the differences in geometric stress 
measured analytically in this study cannot provide meaningful data. More number of 
combinations of geometric parameters should be analyzed to verify the effect of each 
parameter quantitatively. Moreover, geometric parameters, such as tube diameter, bolt 
circle diameter and groove-welded connection, were not evaluated in this study. Last, this 
study did not investigate the correlation between the fatigue life of the analyzed connection 
detail and obtained geometric stress. Since the geometric stress method was adopted from 
the method for non-tubular connection, it was a good opportunity to calibrate the hot spot 
method for using tube-to- transverse plate connection, but it was not conducted, even 
though the fatigue test data for all analyzed models were available. 
1.2.3 Hall (2005) 
Experimental and analytical studies on the stress behavior of tube-to-transverse 
plate fillet-welded connection in cantilevered sign structures were conducted. Three 
cantilevered sign structures were loaded at the tip of the mast-arm by hanging weights. 
Each specimen had different transverse plate thicknesses at the pole base, which were 3/4 
in. (19 mm), 11/2 in. (38 mm), and 3.0 in. (76 mm). The thicknesses represented a nominal 
thickness and two extreme cases (very flexible and stiff). Other dimensions of the specimen 
were identical. Tube diameter at the pole base, pole thickness, and bolt circle diameter were 
13 in. (330 mm), 0.23 in. (5.8 mm), and 20.2 in. (513 mm), respectively. Four anchor bolts 
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were installed at the corners of the pole base plate. About 200 strain gauges and an LVDT 
were installed to measure stresses and displacements.  
Static test results were used to calibrate FEA model. It was recommended to use 
a combination of solid, shell, and beam element in the finite element model simulating 
cantilever sign structures loaded at the tip of the mast-arm. Solid element used for 
transverse plate, lower part of the pole, weld, leveling nuts, and anchor rods, shell used for 
middle part of the pole and beam was used for simulating upper part of the pole and the 
mast-arm. Contact and prestressing in the anchor bolts were not modeled. The FEA model 
provided very good correlation with the strain gauge measurements away from the weld 
toe. The stress (or strain) values obtained near the weld were not matching with the strain 
gauge measured values because of the steep gradient of the stress near the weld region and 
different weld geometry. 
The behavior of tube-to-transverse plate fillet-welded connection in the pole base 
was investigated using FEA results and experimental measurements. Particularly, stress 
distribution on the tub wall adjacent to the weld toe was discussed in detail. It was found 
that the stresses in the weld toe region in the tube wall increasingly deviates from the 
nominal stress with increasing transverse plate flexibility. The normal stress distribution 
along the longitudinal direction of the tube was characterized as peak and valley stresses. 
The peak stress occurs at the weld toe and the magnitude of the stress includes the local 
bending in the tube. The local bending was correlated with the transverse plate flexibility 
and the bending increased with increasing the flexibility. Thus, the peak stress increased 
with increasing transverse plate flexibility. 
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Parametric study was also conducted. It was found that transverse plate flexibility, 
primarily the transverse plate thickness, had major influence on the stress behavior in the 
connection. Parametric study results showed linearly increasing trend of the maximum 
stress with the inverse of the cube of the base plate thickness. 
Hotspot stress was also evaluated experimentally and analytically. Hotspot stress 
was defined as the measured stress closest to the weld toe, which was 3/4 in. (19 mm) for 
the transverse plate thicknesses of 3/4 in. (19 mm) and 11/2 in. (38 mm) and 7/8 in. (22 mm) 
for the transverse plate thickness of 3.0 in. (76 mm). The hotspot stress measurements were 
only used for comparing the influence of the transverse plate flexibility. Fatigue 
performance assessment using hotspot stress was not conducted. 
1.2.4 Warpinski (2006) 
Dynamic characteristic of the high level luminaire support structures and the 
influence of connection geometry on the transverse plate flexibility and fatigue 
performance of multi-sided high level luminaire support structures were investigated. The 
influence of the connection geometry was analytically evaluated. Parametric study was 
conducted by varying transverse plate thickness, tube thickness, and number of anchor 
bolts. The dimensions of the structure model had same as the high level luminaire support 
structures collapsed in Iowa in 2003. This structure was 16 sided, 140 ft (42.6 m) tall, 3/16 
in. (4.8 mm) thick, and 243/4 in. (629 mm) diameter tube with 11/4 in. (32 mm) thick 
transverse plate and eight anchor bolts. The FEA model having these dimensions was 
considered as a BASE model. The FEA models used the combination of solid, shell, and 
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beam element for lower, middle, and upper part of the structure, respectively. This method 
was the same as Hall (2005).  
Parametric study found that the transverse plate flexibility has the most significant 
effect on the local stress distribution in the tube wall. Minimum plate thickness of 3.0 in. 
(76 mm) was recommended for similar size of the structures. It was found that increasing 
tube thickness did not reduced the local stress and even increased the deformation of the 
transverse plate. Eight anchor bolt provided enough support to the transverse plate to 
prevent severe deformation in the transverse plate. It was recommended that no additional 
anchor bolt might not needed for similar size of the structure. 
1.2.5 Ocel (2006) 
Ocel et al. (2006) conducted a full scale structural testing to determine the fatigue 
resistance resistance of two commonly utilized standard mast-arm-to-pole connection 
details in traffic sign and signal support structures built in the State of Minnesota. Two 
types of specimens, Type I and Type II, each for each detail type and comprising both the 
pole and the mast-arm were tested. Both types of connections used eight-sided polygonal 
with 7/8 in. (22 mm) bend radius tubes as members. As a consequence of the specimen 
design, tube-to-transverse plate connections were also tested. 
In addition to the structural testing, parametric FE study was done to determine 
the effect of the geometric parameters of tube-to-transverse plate fillet-welded connections 
to the stress concentration at the weld toe on the tube wall. In total, 222 FEA models were 
analyzed with varied tube shape, tube thickness, tube diameter, bend radius of multi-sided 
shapes, number of anchor rods, and position of anchor rods. A full factorial matrix of 
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models was not considered. Instead, each parameter was analyzed with three or four 
different values while keeping a constant value of all other parameters. The effects of each 
geometric parameter were investigated. Finally, a set of equations which can predict the 
stress concentration factors of any combination of geometric parameters.  
As a reference stress represents the effect of geometric parameter on the fatigue 
performance, structural stress (Dong 2001) was used for this study. Interestingly, Dong 
introduced two different formulations to evaluate structural stress for shell element model 
and solid element mode, respectively. Ocel, however, used the formulation for shell 
element, although 20 node solid element was used for the FEA models. Stress 
concentration factor (SCF) was derived by dividing structural stress by applied nominal 
stress at the weld toe section. 
As a result of the parametric study, following conclusions were made. The ratio 
between the moment of inertia and roundness collapsed all the geometric parameters of a 
tube (e.g. tube diameter, tube thickness, bend radius, and number of sides) into one 
parameter. All SCFs formed a narrow band when those were plotted with respect to the 
ratio. Increasing the stiffness of the transverse plate by decreasing bolt circle ratio and 
increasing transverse plate thickness lowed SCFs. In general, more number of sides also 
decreased the SCFs. Finally, the slenderness ratio, which divided the tube radius by tube 
thickness, did not have any effect on the SCFs.  
Considering all effective geometric parameters, the final form of the parametric 
equation was derived. 
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  (1) 
where, Itube is the moment of inertia of the section at the weld toe, roundness is factor 
dividing bend radius by inscribed radius of the tube, BCR is the bolt circle ratio, and BPT 
is the transverse plate thickness. The constants A to I were determined by tube shape 
(number of sides) and number of anchor bolts. The R2 values of the FEA SCF and estimated 
SCF were 0.964, 0.919, and 0.822 for four, six, and eight bolt cases, respectively. As the 
number of anchor bolt was increased, the accuracy of the estimation became worse. The 
fatigue resistance curve for estimating fatigue life using derived parametric equation was 
not developed due to lack of fatigue testing data.  
In the offshore industry, developing parametric equation for estimating SCF of 
tube-to-tube welded connection is common practice. This study was remarkable that it was 
the first attempted to develop parametric equation for estimating SCF for tube-to-transverse 
plate welded connections. However, the parametric equations for unstiffened groove-
welded tube-to-transverse plate connections and stiffened connection were not developed. 
Further research was not continued.  
1.2.6 Stam et al. (2011) 
Extensive experimental and analytical studies of the fatigue behavior of the tube-
to-transverse plate welded connection used on high level luminaire structures and traffic 
sign and signal support structures. In total, 46 mast-arm of sign and signal support 
structures and 37 high level luminaire support structure specimens were tested for 
experimental study. Various connection details, such as unstiffened tube-to-transverse 
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plate fillet-welded and groove-welded, external collar, normal stool, and continuous stool 
connections were investigated. Except the stool base, conventional stiffened connection 
was not considered for this study. The effects of the geometric parameters were also 
verified by fatigue testing.  
Analytical parametric evaluation of mast-arm welded connection was performed. 
Total 59 FEA models of unstiffened groove-welded tube-to-transverse plate connections 
and external collar with groove-welded tube-to-transverse plate connections were 
investigated. For these two connection details, various tube diameter, tube cross section 
shape, and transverse plate thickness were applied. The geometric stresses were evaluated 
by two methods—DNV geometric stress definition for non-tubular welded connections 
(DNV 2005) and Dong's structure stress (Dong 2001). However, no conclusion was made 
choosing one better method for fatigue life estimation. The stresses obtained by two 
methods were just compared. The results of this study were that the stress at the external 
collar end and backing ring top weld were independent to the transverse plate stiffness. 
Moreover, the thickness of the transverse plate had dominant effect on the stress at the 
tube-to-transverse plate groove-weld toe compared to other variables, such as tube cross 
section, shape of the transverse plate, the size of the transverse plate opening, and the 
diameter of the pole. 20 fatigue tested specimens were analyzed and the fatigue test results 
were plotted with respect to the geometric stresses. The fatigue test data plotted with 
corresponding geometric stress presented in a linear cluster that congregated above 
AASHTO Category C curve (Figure 4). It indicated that the geometric stresses used for 
this study was representing the effect of the geometry well.  
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1.3 Objective 
The objectives of the study were: 
1. to verify the validity of existing local stress approach towards application for tube-
to-transverse plate welded connections and calibrate the approach using available 
experimental data 
2. to experimentally investigate behavior and fatigue performances of various types 
of tube-to-transverse plate welded connections 
3. to develop relationship between the local stress and the structural component 
geometries of various tube-to-transverse plate welded connections 
4. to develop parametric equations which can estimate GSCF and NSCF based on 
the relationships between the geometric and notch stresses and the structural 
component geometries for various tube-to-transverse plate welded connections 
1.4 Approach 
To fulfill the objectives of this study, the following program of study was 
conducted.  
1.4.1 Task 1: Literature Survey 
A thorough literature survey was carried out to generate an updated account of the 
status of current research. Fatigue test results conducted on tube-to-transverse plate welded 
connection were collected for verification of the proposed analytical model. Local stress 
approach was developed in the offshore and ship building industry, and has been used with 
some success in tubular structures. Literature survey on the materials from these industries 
was carried out. 
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1.4.2 Task 2: Experimental Studies 
Fatigue test was conducted to investigate fatigue resistance of various tube-to-
transverse plate connections. Behavior of tube-to-transverse plate connections was also 
investigated by measuring stresses using strain gauges and optical measurement. 
Displacement was also measured using LVDTs. Both finite and infinite fatigue resistances 
were established for all considered connections by testing at several different nominal 
stress range levels.  
1.4.3 Task 3: Verify and Calibrate Local Stress Approach 
The validity of the geometric stress approach and notch stress approach in 
determining the fatigue performance of various tube-to-transverse plate welded 
connections was verified by the testing results of this study as well as Koenigs et al. (2003), 
Ocel et al. (2006), and Stam et al. (2011). The static and dynamic test data obtained from 
these studies was used for verifying and calibrating the local stress approach.  
1.4.4 Task 4: Identify Critical Parameters 
Based on the analysis of review of research findings, comparison of specification 
recommendations, and the understanding of the behavior and response of the connection 
details in general, the critical parameters which govern the fatigue performance of the 
connection details were identified.  
1.4.5 Task 5: Parametric Study 
The relationships between the geometric and notch stresses and geometric 
parameters were investigated to find out the effect of each geometric parameter on fatigue 
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performance of each connection detail. After evaluating the influences of each geometric 
component, the formulae for estimating GSCF and NSCF were developed.  
Matrices of combinations of geometric parameters for parametric study within 
applicable range of the parameters were developed. The applicable ranges of parameters 
were determined by reviewing the standard designs for signs, luminaires, and traffic signals 
of each state. FEA models for about 4400 combinations of geometry were modeled and 
analyzed. Model generation (pre-processing), analysis, and data collection (post-process) 
were automated to effectively conduct the parametric studies. 
1.5 Outline of Dissertation 
The dissertation consists of eleven chapters. 
The first chapter provides background and motivation of this research. Reviewing 
of previous research regarding fatigue resistance of tube-to-transverse plate welded 
connections. In addition, this chapter lays out the objective of the study and the 
methodology followed to achieve those objectives.  
The second chapter demonstrates experimental study on highway traffic sign and 
signal support structures, which was conducted as a part of NCHRP Project 10-70. Also, 
the experimental study on high level luminaire support structure which was done by 
Thompson (2012) under NCHRP Project 10-70 is summarized. Based on all fatigue test 
data obtained from NCHRP Project 10-70 and previous fatigue testing results, evaluations 
of fatigue resistance for various tube-to-transverse plate welded connections are conducted. 
The third chapter contains evaluation on all available local stress approaches 
which could be used for analytical assessment of tube-to-transverse plate welded 
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connections. The most appropriate local stress approach is determined. Reviews of various 
local stress approaches recommended by numerous guidelines, specifications, and other 
researchers are also included. To determine the most realistic local stress approach, all 
available fatigue tested test results are used. Two local stress approaches are selected for 
evaluating both finite and infinite life fatigue resistances, respectively. 
The fourth chapter describes all information for preparing parametric study. 
Parameter identification, ranges of parameters, details of parametric FEA model, 
automated model generation, theoretical background of nonlinear regression, and statistical 
test for verifying regression results are included. 
Parametric study results for unstiffened tube-to-transverse plate groove-welded 
connections is included in the fifth chapter. Behavior of subject connection and influence 
of each geometric parameter in the connection is investigated. Based on the investigation, 
regression is conducted considering one geometric parameter at a time to develop 
parametric GSCF equation. The equaiton is verified by graphical and numerical statistical 
tests. 
The sixth chapter contains development of parametric GSCF equation for 
unstiffened fillet-welded round tube-to-transverse plate connections. Behavior of the 
connection and influences of each geometric parameter on GSCF is omitted because the 
geometry of subject connections is very similar to groove-welded connections.  
Multi-sided tube-to-transverse plate fillet-welded connection is also investigated 
parametrically in the seventh chapter. Roundness factor which indicates the difference in 
its shape from the round tube is introduced. Behavior of this connection and influences of 
each geometric parameter are presented. Parametric GSCF equation is developed based on 
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the investigation on its behavior and influences of each geometric parameter. The 
parametric GSCF equation is verified by numerical and graphical statistical tests.  
Two parametric GSCF equations for two fatigue critical locations in stiffened 
tube-to-transverse plate fillet-welded connections are developed in eighth chapter. 
Behavior of the connection and influences of each geometric parameter on the fatigue 
critical locations are investigated. The parametric GSCF equations are verified by 
numerical and graphical stastical tests. 
In ninth chapter, parametric evaluation on infinite life fatigue resistance is 
developed. Influences of geometric parameters on NSCF, which has directly controls 
infinite life fatigue resistance, are investigated.  
The conclusions of the entire study addressing various objectives of the research 
are presented in the last chapter. This chapter also identifies and recommends the possible 
areas of future research.  
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2 EXPERIMENTAL STUDIES ON TUBE-TO-TRANSVERSE PLATE 
CONNECTIONS FOR HIGHWAY SIGN, SIGNAL AND HIGH LEVEL 
LUMINAIRE SUPPORT STRUCTURES 
Experimental studies on various tube-to-transverse plate welded connection is 
presented in this chapter. As it was discuss in the introduction, fatigue performance of tube-
to-transverse plate welded connection is determined based on the connection geometry. 
However, conducting fatigue test for the subject connection covering all possible ranges of 
each geometric parameter is not feasible due to limitation in time and budget. As a result, 
the result of fatigue testing is used for developing and validating the analytical fatigue 
performance assessment technique of the tube-to-transverse plate welded connections. 
Although experimental study was conducted for limited number of specimens, full-scale 
specimens representing sign and signal support structure and high level luminaire support 
structure were procured. Moreover, the specimens were designed to cover wide range of 
critical geometric parameters as much as possible.  
In this chapter, only the test results of specimens representing sign and signal 
support structures are discussed in detail, because the test results of high level luminaire 
support structures specimens were already presented by Roy et al. (2011) and Thompson 
(2012) in detail. The test results of high level luminaire support structure specimens are not 
discussed in detail, but the results are included for assessing fatigue performance of each 
connection details.  
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2.1 Experiment Design and Test Matrix 
The primary variables considered for experiment design in this study were 
structure types, tube-to-transverse plate welded connection types, tube cross sections, tube 
and transverse plate geometries, and stress parameters. A test matrix indicating the 
distribution of specimens is presented in Table 2. Ten types of specimens were identified 
for investigation including unstiffened fillet- and groove welded tube-to-transverse plate 
connections, stiffened fillet-welded tube-to-transverse plate connections. All together 68 
specimens were tested for tube-to-transverse plate welded connections, and all of them 
were full-scale. According to the survey of the state department of transportation (DOT) 
conducted by Roy et al. (2011), 37 out of 40 responded states used galvanized sign, signal 
and high level luminaire support structures. As such, only galvanized specimens were 
considered for testing. Each specimens had other fatigue critical welded details, but those 
are not presented in the table because those details are out of the scope of this study. There 
are some specimen types having same connection details because of the other details which 
are not presented. The specimen types were identified by Roman numerals and each 
specimen of a type was identified by an Arabic numeral along with the type identification. 
Seven specimen types, identified as I to VII, were representative of sign and signal support 
structures, and specimen Type X, XI, and XII were representative of high level luminaire 
support structures. Also, the specimen types could be divided into two groups depending 
on the shape of the cross section — round and multi-sided. All sign and signal support 
structure specimens except the specimen Type VII were of round cross section. The 
remaining four specimen types were of multi-sided cross sections. The distribution of 
specimens along with key details is shown in Tables 3 and 4. Sign and signal support 
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structures were pole and arm assemblies having two tube-to-transverse plate welded 
connections. This provided the opportunity to simultaneously test two different 
configurations and/or geometry High level luminaire support structure, however, had only 
one tube-to-transverser plate welded connection.  
To obtain statistically significant results, multiple specimens of each type were 
tested. Generally six specimens were tested in the finite life region, equally distributed at 
two well separated stress range levels. The CAFT was determined by four specimens. This 
protocol was followed for specimens Type III, VI, XI, and XII. Seven specimens each in 
Type I and VII were tested to establish fatigue performance in the infinite life regime and 
at lower stress range levels. Fatigue test data at the higher stress range levels included in 
these specimens were available from Stam et al. (2011). Only three specimens each in Type 
II and X were tested. These tests were designed in the finite life regime for validation of 
fatigue testing protocols. The groove-welded tube-to-transverse plate connections included 
in Type II specimens were prone to fatigue cracking from the backing ring-to-tube weld at 
the top face due to poor weld quality arising from difficult fabrication. As such this detail 
was not pursued further and a more cost-effective and fatigue resistant variation of this 
detail was developed and included in specimen Type III, IV, V, and VII.  
The minimum stress was selected according to the structural application 
depending on whether the specimen represented a sign/signal or high level luminaire 
support structures. High minimum stress in sign and signal support structure specimens 
represented the dead load effects from overhanging weight of the traffic sign and signal 
attachments. The minimum stresses in high level luminaire support structure specimens 
were determined by the tested stress range, because those specimens were tested under 
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complete reversal. It simulated the typical in-service loading of these structures. The stress 
ranges were decided progressively as the study evolved based on analytical estimation of 
fatigue resistances of the details tested, and also based on the available and concluded 
fatigue tests.  
2.2 Design of Specimens 
The specimens were designed based on: (a) detailed study of available state DOT 
standard drawings and the range of parameters used in practice; (b) parametric finite 
element studies to optimize the connections for cost-effective fabrication and fatigue 
resistant designs; and (c) economic alternatives according to standard dimensions and 
practices of the fabricators to meet budgetary constraints. Considerations were also given 
to specimen sizes and results available from other previous experimental studies to create 
a basis for direct comparison by generating replicate data points and validating the results 
over a larger data base.  
The specimens for sign and signal support structures were comprised of pole and 
mast-arm assembly. Total seven types were tested and six types had round cross section 
and one had eight sided cross section. The tubes had a taper of 0.14 in./ft (11.6 mm/m). In 
all specimen types, except in specimen Type VI, the mast-arm had an inclination of 25° 
from the ground. The anchor bolt arrangement in the pole base and the position of the tip 
of the mast-arm was identical for all specimens. It provided great advantage that the 
foundation plates and loading fixture did not have to be customized for each specimen and 
the same plates. The connections in mast-arm base of the specimens Type V and VI were 
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not tube-to-transverse plate welded connection. As such, those connections are not 
discussed in this study. 
Identical tube cross section were employed for all mast-arm and pole of sign and 
signal support structure specimens and all high level luminaire support structure 
specimens. Keeping same tube cross section gave advantage of directly comparing the 
influence of the connection details or the influences of transverse plate stiffness on the 
fatigue performance by eliminating the geometric effect of the tube. The tube cross section 
of the mast-arms of sign and signal support structure specimens was 10 in. (254 mm) with 
0.179 in. (4.5 mm) thickness. The tube diameter and thickness of the poles of sign and 
signal support structures were 13 in. (330 mm) and 0.239 in. (6.1 mm). For specimens Type 
III and VII, however, tube thicknesses of the mast-arm and the pole were respectively 3/16 
in. (4.8 mm) and 1/4 in. (6.4 mm) due to the limitation in the fabricator’s facilities. It was 
expected the small difference in tube thickness would not make significant difference in 
fatigue performances. FEA results of each specimen conducted for designing each 
specimen presented in APPENDIX A also verified that the little thickness difference could 
be ignored. The tube cross section of the mast-arms were selected based on the review of 
previous researches (Fisher et al. 1981; Koenigs et al. 2003) and standard drawing of state 
DOT. It was the most commonly used mast-arm section. The tube cross section of the pole 
was selected to keep the cost of the specimens to a minimum, as tubes of this size were 
readily available from fabricators.   
The tube cross sections of high level luminaire support structure specimens were 
identical for specimens Type X, XI, and XII. The outer flat-to-flat distance was 24 in. (610 
mm) and the thickness was with 5/16 in. (7.9 mm). The cross section was multi-sided having 
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16 flat faces with 4 in. (102 mm) bend radius. This cross section was recommended by 
Wyoming DOT and also fatigue test employing same cross section was being conducted 
by UT Austin (Stam et al. 2011). As such, same cross section was chosen for ease of 
comparison and data assimilation. 
As was discussed in the literature review (Koenigs et al. 2003; Ocel et al. 2006; 
Warpinski 2006), the most cost-effective means of improving fatigue resistance of the tube-
to-transverse plate connection was by reducing the flexibility of the plate. One of the 
simplest ways of reducing this flexibility was to increase the plate thickness. The minimum 
transverse plate thickness in a tube-to-transverse plate connection that demonstrated this 
increase in fatigue performance in test results (Koenigs et al. 2003) was 2.0 in. (51 mm). 
With the aim of developing cost-effective connection details under the current research, a 
minimum 2.0 in. (51 mm) plate was used for all the tube-to-transverse plate connections at 
the pole and mast-arm bases. 
All specimens were designed by detailed 3D FEA based on the generic specimen 
criteria discussed above. The design drawings of the specimens Type I, II, III, IV, V, VI, 
VII, X, XI, and XII are presented in Figures 5 through 15. Detail discusions of the specimen 
design are presented in Roy et al. (2011) and Thompson (2012).  
2.3 Test Setups 
The tests were conducted at the multi-directional testing facility in the ATLSS 
Engineering Research Center, and at the dynamic testing bed in the Fritz Engineering 
Laboratory.  
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Four setups were built in the Fritz Laboratory capable of testing sign and signal 
support structure specimens that were loaded vertically at the tips of the mast-arms and in 
the plane containing the arms, simulating galloping oscillation. In the ATLSS Center, two 
setups were built for testing sign and signal support structure specimens loaded vertically 
in the plane containing the arm. Two other setups were built for testing high level luminaire 
support structure specimens that were loaded laterally simulating vortex shedding 
oscillation in the first mode. 
The specimens were loaded using hydraulic actuators. Suitable fixtures were 
provided at the arm tips of the traffic sign and signal support structure specimens and at 
the loading point of the high level luminaire support structure specimens to receive 
actuators. 
All specimens were supported on washers under the bolt holes and were fastened 
to a foundation plate which in turn was anchored to the rigid laboratory floor. The 
specimens were supported such as to simulate the discrete supports to these structures in 
the field, where the pole base plates are supported on leveling nuts at the anchor locations 
and are restrained in position by a pair of locking nuts at each anchor. Although the test 
setup did not replicate the free up-stand of the anchors between the bottom of the leveling 
nut and the top of concrete pedestal, which is usually limited to one nut height, the setup 
accurately reproduced the boundary conditions for the fatigue tests. The small up-stands 
do not introduce any appreciable flexibility to the base plate and therefore does not 
significantly affect the stresses driving fatigue cracking of the tube-to-transverse plate 
welded connections at the pole base. The flexibility of the transverse plate from differential 
deformation of the transverse plate due to discrete supports, however, can influence the 
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stresses driving fatigue cracking of the pole tube-to-transverse plate welded connection, 
which was incorporated by discretely supporting the poles on the washers. 
2.3.1 Test Setups in the Fritz Laboratory 
The schematics of test setups in the Fritz Engineering Laboratory are shown in 
Figure 16. Four independent test setups were prepared in the east and west dynamic test 
beds for testing four specimens simultaneously. Each setup consisted of a test frame 
accommodating one specimen at a time.  
The specimens were supported on washers under the bolt holes and were fastened 
to a foundation plate which in turn was anchored to the rigid laboratory floor. The 
foundation plate was 2.0 in. (51 mm) thick. Upward flexural deflection of this foundation 
plate during fatigue tests was limited by a hold-down beam laid across this plate behind 
the pole (the opposite side of arm), which was anchored to the laboratory floor (Figure 17).  
The specimens were loaded vertically in the plane of the arm by actuators 
supported from overhead reaction frame (Figure 18). The testing equipment used at Fritz 
Laboratory was manufactured by Amsler. The Amsler system comprised a variable stroke 
hydraulic pump (called a pulsator) to load the jacks. The jacks used for this test program 
had a maximum dynamic capacity of 22 kips (98 kN) 
2.3.2 Test Setups in the ATLSS Center 
The test setups in the ATLSS Center are shown in Figure 19. Four independent 
test setups were prepared for testing two high level luminaire support structure and two 
sign and signal support structure specimens simultaneously. One specimen could be tested 
at each setup at a time. 
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The test setups for the traffic sign and signal support structures were designed to 
load the specimens vertically in plane of the arm from underside by supporting the 
actuators off the laboratory floor. The specimens were supported on washers under the bolt 
holes and were fastened to a foundation plate that was supported on a pair of wide flange 
sections and was anchored to the rigid laboratory floor. The foundation plate was 6 in (152 
mm) thick. The supporting assembly was very rigid not to allow any noticeable flexing of 
the foundation plate. 
Initially, two test setups for high level luminaire support structures [Figure 19 (a)] 
and two test setups for traffic sign and signal support structures [Figure 19 (c)] were 
prepared. After finishing fatigue testing for high level luminaire support structures, one 
setup was changed for testing the pole base of specimen Types V and VI [Figure 19 (b)]. 
Figure 19 (d) shows the setup for testing specimen Type IVB which was loaded out-of-
plane at 45°.  
In the ATLSS Center, the tests were conducted using a computer controlled closed 
loop electro-hydraulic system manufactured by Vickers. Initially Hannon fatigue rated 
actuators having maximum capacity of 132 kips (587 kN) were used for sign and signal 
support structures. Subsequently to increase the frequency of testing, specimens were 
loaded using MTS actuators having a capacity of 22 kips (100 kN). For high level luminaire 
structures, Vickers TJ actuators having a capacity of 22 kips (100 kN). 
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2.4 Instrumentation 
2.4.1 Displacement and Load Sensors 
The displacements and load were measured at the point of and in the direction of 
load application. For measuring displacements, internal and external temposonics and 
linear variable displacment transducers (LVDT) were used. The internal temposonic or 
LVDTs were embedded in the hydraulic actuator, and the external temposinic and LVDT 
were installed separately. The maximum range of measurement was ±4 in. (±102 mm). For 
measuring loads, load cells fabricated by Honeywell or MTS were used. The capacities of 
these load cells were from 25 kips (111 kN) to 50 kips (222 kN). The load cells were 
selected depending on the anticipated maximum load for the static test and the availability 
in the laboratory. All load cells, temposonics, and LVDTs were calibrated prior to the 
installation.  
2.4.2 Strain Gauges 
Encapsulated bondable strain gauges were installed on each specimen. Locations 
of strain gauges were determined based on FEA results. For each specimen type, a single 
specimen was extensively gauged to determine overall response of the structure, the 
distribution of stresses in critical location, and to validate the FEA models of the 
specimens.  
Prior to installation of strain gauges, the surface was ground to remove 
galvanizing. Adjacent to the weld toe, grinding marks parallel to the weld toe were sanded 
smooth to eliminate potential crack initiation sites. Due to grinding weld toe might remove 
the discontinuities at the weld toe and affect the fatigue performance of the specimen. Care 
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was taken to avoid grinding weld toe with a grinder or a sand paper to preserve the 
discontinuities at the weld toe.  
Away from weld toe, the uniaxial single strain gauges with a gauge length of 1/4 
in. (6.4 mm), were used. All 1/4 in. gauges were manufactured by Micro Measurement, 
Vishay Precision Group and had 120 Ω resistance. Adjacent to the weld toe, strain gauges 
with a gauge length of 0.04 in. (1 mm) were installed to capture steep stress gradient due 
to local bending. Three types of 0.04 in. (1 mm) length strain gauges, uniaxial single gauge, 
strip gauge, and rosette gauge, were used. All 0.04 in. (1 mm) length gauges were 
manufactured by Tokyo Sokki Kenkyujo (TML) in Japan. The 0.04 in. (1 mm) length 
uniaxial sing strain gauge, FLA-1-11-003LE, was installed in front of the weld toe on the 
tube wall at the distance of 0.1√(rt), but not less than 0.16 in. (4 mm) to measure geometric 
stress range in the specimen. r and t are the radius and the wall thickness of the tube, 
respectively. The 0.04 in. (1 mm) length uniaxial strip strain gauge, FXV-1-11-002LE, has 
a series of five gauges having a 0.04 in. (1 mm) gauge length on a common backing at 0.08 
in. (2 mm) centers and oriented in the lengthwise direction of the strip. This gauge was 
used abutting the weld toe to measure the strain gradient in critical location. The 0.04 in. 
(1 mm) length rosette gauge, FRA-1-11-003LE, has a series of three strain gauges with a 
0.04 in. (1 mm) gauge length arranged circumferentially at 45° intervals. This strain gauge 
was used to determine principal strains, where the nature and direction of major strains 
were not known in advance. All 0.04 in. (1 mm) length strain gauges had 120 Ω resistance. 
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2.5 Strain Gauge Plans 
The following sections detail the placement of strain gauges on test specimens. 
Locations of strain gauges were determined based on FEA results. For each specimen type, 
a single specimen was extensively gauged to determine overall response of the structure, 
the distribution of stresses in critical location, and to validate the FEA models of the 
specimens. Remaining specimens of each type were gauged for fatigue testing control, 
measuring geometric stress, and crack detection purposes. Since the strain gauge plans for 
specimen Type X, XI, and XII are presented in Thompson (2012), those are not presented 
in this chapter. 
2.5.1 Specimen Type I 
Figure 20 presents the gauge arrangement on the exterior surface of the specimen 
which was elaborately instrumented. The locations of the strain gauges are denoted by solid 
shape rectangles. Near the pole base, there are two critical locations [Figure 20 (a)]. The 
0.04 in. (1 mm) uniaxial strip gauge installed at the symmetry plane (centerline) at the 
fillet-weld toe on the tube wall. Measurements from this gauge provided steep strain 
gradient and geometric stress at the pole outer surface due to local out-of-plane bending. 
A 1/4 in. (6.4 mm) single uniaxial gauge installed 6 in. (152 mm) away from the weld toe 
where was expected that the effect of the local out-of-plane bending was vanished  provided 
the nominal strain. One 1 mm rosette strain gauge was installed at the handhole corner. 
Due to the rounded handhole corner, the stress direction around the corner was disturbed 
and the principal stress direction could not be specified. One 0.04 in. (1 mm) single uniaxial 
strain gauge was also installed directly below the vertical arm of the rosette gauge to 
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measure strain gradient between two points. At the bottom of the ring stiffener-to-pole fillet 
welded connection, an 1 mm uniaxial strip gauge was installed at the symmetry plane 
(centerline) at the fillet-weld toe on the tube wall to measure strain gradient along the strip 
gauge [Figure 20 (b)]. Similar to the pole base, one 0.04 in. (1 mm) uniaxial strip gauge at 
the weld toe and one 1/4 in. (6.4 mm) uniaxial single gauge at 6 in. (152 mm) away from 
the weld toe were installed at the symmetry plane (centerline) of the mast-arm base [Figure 
20 (c)]. Two 1 mm single uniaxial gauges at the weld toe and 1/4 in. (6.4 mm) single uniaxial 
strain gauge at 6 in. (152 mm) away from the weld toe were installed at the weld toe at 45° 
from the symmetry plane along the periphery of the tube. The two 1 mm gauges measured 
the strain gradient and geometric stress and provided the comparison between the 
measurements from the center. None of the strain gauges were installed on the inner surface 
of the tubes. 
2.5.2 Specimen Type II 
The strain gauge arrangement of the specimen Type II was as same as that of the 
specimen Type I at the pole base and the mast-arm base due to the analogy in geometry. 
At the one side of the top corner of the gusset box connection, a 0.04 in. (1 mm) rosette 
and a 0.04 in. (1 mm) single strain gauges were installed. Similar to the handhole corner, 
the direction of the principal stress at the corner of the gusset plate, where was suspected 
to occur fatigue cracking, had to be measured. The 0.04 in. (1 mm) single uniaxial gauge 
was placed directly next to the horizontal arm of the rosette gauge to measure the strain 
gradient in horizontal direction. 
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2.5.3 Specimen Type III 
Basically, the strain gauge arrangement of the specimen Type III was same as that 
of the specimen Type I. A 0.04 in. (1 mm) uniaxial strip gauge was added at the top of the 
ring stiffener-to-pole fillet-welded connection at the symmetry plane (centerline). 
Moreover, the strain gauges installed on the mast-arm at 45° from the center was not 
installed. The exact location of the strain gauge near handhole was moved to the place 
where the maximum stress was expected from FEA. A rosette gauge and a single uniaxial 
gauge was placed at the lower left corner of the cutout at the level with beginning of lower 
curve.  
2.5.4 Specimen Type IVB 
The specimen Type IVA was not elaborately gauged because the connection 
details applied was used in other specimen types. The specimen Type IVB was elaborately 
gauged because this specimen type was anticipated to loaded out-of-plane direction, 45° 
inclined from vertical plane. As it can be seen from Figure 19, load was applied from the 
right bottom quadrant in the view from the handhole side. Since the dead load direction 
and the external load direction was not the same, dead load effect was completely 
neglected. Therefore, complete reversal load was applied to the specimen. As it is seen 
from Figures 23 and 24, strain gauges were installed on both sides of the tube. Similar to 
other specimens, 0.04 in. (1 mm) strain gauges were installed at the weld toe to measure 
steep stress gradient and 1/4 in. (6.4 mm) strain gauges were installed away from the weld 
to measure nominal stress in the mast-arm and the pole. For side gusset plate-to-pole fillet 
welded connection, strain gauges were installed on all four corners. From FEA, it was 
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expected to have higher stress and steep stress gradient at the bottom corners of the side 
gusset plate. Thus, a combination of 0.04 in. (1 mm) uniaxial strip gauge and a 1/4 in. (6.4 
mm) single uniaxial gauge was installed. Near the handhole, it was expected that the top 
and bottom left corners of the handhole had higher stress than the other side under the given 
loading condition. Since the bottom left corner was expected to be more critical, a 0.04 in. 
(1 mm) rosette gauge was installed and a 0.04 in. (1 mm) single uniaxial strain gauge was 
installed at the top left corner.  
2.5.5 Specimen Type V 
Strain gauge arrangement of specimen Type V is shown in Figure 25. The strain 
gauge locations for specimen Type V was determined by the FEA of the specimen model. 
Unlike other tube-to-transverse plate welded connection, the transverse plate in this 
specimen was not thick and flat plate. Instead, 3/8 in. (9.5 mm) curved plate, which wrapped 
around the pole, was used. Due to the difference in the geometry, the maximum principal 
stress at the mast-arm-to-clamp plate welded connection was expected to be occurred about 
3 in. (76 mm) from the symmetry plane from FEA. However, four 0.04 in. (1 mm) single 
uniaxial strain gauges were installed at the weld toe on the mast-arm and clamp plate at the 
maximum stress location and at the symmetry plane, because the response behavior of this 
specimen was not fully verified.  
At the pole-to-base plate welded connection, one 0.04 in. (1 mm) single uniaxial 
strain gauge at the weld toe and one 1/4 in. (6.4 mm) single uniaxial strain gauge 14 in. (356 
mm) from the weld toe were installed.  
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2.5.6 Specimen Type VI 
Specimen Type VI is another unique structure having pass-through mast-arm-to-
pole connection. The elaborately strain gauged specimen was installed 16 strain gauges 
shown in Figures 26 and 27. Three 1/4 in. (6.4 mm) single uniaxial strain gauges were 
installed on the pole wall opposite side of the mast-arm. Those were placed 14 in. (203 
mm), 20 in. (508 mm), and 40 in. (1016 mm) from the base plate of the pole. Five 0.04 in. 
(1 mm) rosette strain gauges and two 0.04 in. (1 mm) single uniaxial strain gauges were 
installed at the sleeve-to-pole welded connection, where was expected to be the most 
critical from FEA. As it is shown in Figure 26 (b), three rosettes were installed at the weld 
toe of the sleeve-to-pole partial penetration groove welded connection on the bottom 
opposite side of the mast-arm. Two rosettes in the higher level on the pole and sleeve are 
located at the maximum principal location, and the remaining rosette was placed at the 
position where the maximum stress normal to the weld was expected. Prior to the testing, 
the stress response of the connection was unknown. Thus, many rosette gauges were 
installed. On the top side of the mast-arm, five 1/4 in. (6.4 mm) single uniaxial strain gauge 
was installed. Due to the existence of the starter piece, significant variation in stress was 
expected between the section where the starter piece was overlapped with the arm and the 
section where was not overlapped with the starter piece. At the pole base, similar to other 
specimens, one 0.04 in. (1 mm) strip gauge was installed at the weld toe to measure steep 
gradient near the connection. 
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2.5.7 Specimen Type VII 
Strain gauge arrangement for specimen Type VII is slightly different from other 
specimen types due to the multi-sided cross section in the mast-arm and the pole (Figure 
28). From FEA, it was observed that the higher stress concentration at the bend corner, 
which had offset from the symmetry plane. Thus, 0.04 in. (1 mm) uniaxial strip gauges 
were installed at the weld toe of the bend corner in the mast-arm and the pole. Instead, two 
single uniaxial strain gauges were installed at the symmetry plane of the mast-arm and the 
pole adjacent to the weld toe. About 8 in. (203 mm) from the weld toe, 1/4 in. (6.4 mm) 
single uniaxial strain gauges were installed to measure nominal stress in the mast-arm and 
the pole. Similar to specimen Type II, one 0.04 in. (1 mm) rosette strain gauge and a 0.04 
in. (1 mm) single uniaxial strain gauge was installed at the top corner of the side gusset 
plate-to-pole fillet weld.  
2.6 Data Collection 
The data was collected using Campbell Scientific CR 9000 digital data logger. 
CR9052DC filter modules, capable of real-time filtering, were used for fatigue testing to 
reduce the noise levels in the measurements. CR9050 analog modules were used for the 
elaborately gaged static test, as these modules provided fourteen channels, compared to six 
for the filter modules. The lack of filtering in the analog modules yielded higher noise in 
the data, which was taken care of in several ways to maintain the data quality. Since the 
static tests were conducted at a slow loading rate, sufficient time was available for data 
collection per channel at a slower sampling rate that included a longer settling time and a 
longer integration time per channel to eliminate noise. Integration and settling times varied 
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with the number of strain gages used. Integration time was on the order of 300 
microseconds and settling time was on the order of 100 microseconds for the elaborately 
gaged static tests. In addition, the collected data was averaged over a 30 second period to 
remove the noise further. All programming for the data logger were done by the software, 
Campbell Scientific PC9000. When filter modules were used, the pass band for the filter 
was set to two-fifths of the sampling frequency, and the sampling rate was set to a minimum 
of five times the testing frequency to eliminate aliasing in the data. For fatigue tests 
conducted at 4 Hz and 10 Hz, data were sampled at 20 Hz and 50 Hz, respectively. An 
excitation of 3 V was applied to the strain gages by an external power source. This 
excitation provided adequate signal strength without causing overheating. An excitation of 
10 volts was supplied to the displacement transducers by the Vickers control system. The 
load cell output was filtered with Vishay Model 2310 signal conditioning amplifiers. An 
excitation of 10 volts was used for all load cells, supplied by the signal conditioners. 
Measurement ranges were set at 20 mV for strain gages and 5 volts for load cells and 
displacement transducers, to maximize the resolution over the respective outputs. 
In addition, the spatial distribution of the surface strain at critical areas of interest 
was measured using a 3D image correlation photogrammetry (3D ICP) technique in one 
specimen of each type. 
2.7 Calibrations 
The load and displacement sensors, the data acquisition system, and the signal 
conditioners were calibrated. In addition, the load cell outputs and multipliers for the data 
acquisition system were verified in-place by shunt calibrations according to the 
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manufacturer's instructions. The strain gages were also calibrated in-place to offset the 
resistance of the wire between the specimen and the data logger. The shunt calibrations 
provided the correct multiplier for the data acquisition system to convert output voltage to 
the desired measurement (e.g. strain). 
2.8 Details of Static Tests 
Two levels of static test were conducted. One specimen for each specimen type 
was elaborately strain gauged (shown in Section 2.5) and static tested. Remaining 
specimens in each type was strain gauged for fatigue testing control, measuring geometric 
stress, and crack detection purpose at potential fatigue cracking locations.  
Irrespective to the level of strain gauging, a static test was conducted for all 
specimens prior to the fatigue test. Specimens were loaded under static loading [loading 
rate less than 1 ksi/sec (7 MPa/sec)]. It was conducted in a simple up-down pattern by 
loading the specimen up to the intended maximum test load and complete unloading. It was 
repeated at least three times or until the residual strains at the strain gauges become 
negligible. In each test, the strain at each gauge, the load, and the displacement at the load 
point was recorded at each load increment. The testing procedure was as follows: 
5. Under zero load, balance all strain gauge values.  
6. Apply loading at 1 kip (4.5 KN) increment. Continue to intended maximum load 
7. Reduce to zero load, and check residual strains at each strain gauge. 
8. Repeat steps 1 through 3 at least three times until residual strains at the strain gauges 
become negligible. 
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2.8.1 Details of Optical Measurements 
In addition, the surface stresses at the critical details in one each of the Type I, II, 
III, XI, and XII specimens that were instrumented elaborately for static tests were also 
evaluated by optical 3D image correlation/photogrammetry (3D ICP) technique. 
Displacement and strain fields at pole and mast-arm tube-to-transverse plate welded 
connections of the signal structures were measured by this technique.  
3D ICP is a non-contact discrete point optical measurement technique that 
combines the principles of photogrammetry with image correlation algorithm to generate 
displacement field at discrete points. A fairly fine pattern with good contrast, such as a 
black spray paint on a white background, is applied to the measured object. Based on 
triangulation principles, photogrammetry uses a series of photographs taken of the 
measured object from different angles to recreate the exact coordinates of the target points 
on the pattern. Image correlation algorithms mathematically engage in pattern recognition. 
With an image processing software, unique sub-regions called facets of the applied pattern 
are identified and tracked under load deformation at sub-pixel accuracy, yielding 
displacements. The system can provide a displacement resolution to the order of about 1~2 
µm over a viewing area of about 10 in.×10 in. (254 mm×254 mm). The displacement 
resolution of this technique thus scales somewhat linearly with the area to be measured. 
The optical measurements were conducted by Trilion Quality Systems. The 
measuring device or the photogrammetry camera consisted of a pair of lenses mounted on 
a frame and tripod and controlled by a laptop computer (Figure 29). Capturing of pictures, 
analysis and processing of data was conducted by a proprietary software ARAMIS. The 
working distance was approximately 40 in. (1016 mm). The camera angle, i.e., the total 
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angle between two lines from one point on the specimen to each camera was 15.6°. The 
lenses were of 2 in. (51 mm) focal length. The field of view was 5.5 in. (140 mm) wide and 
3.5 in. (90 mm) high. A white background encompassing the field of view was spray 
painted at the region of interest. A pattern was created on this background by speckles of 
black spray paint. Calibration was performed by using standard templates of regularly 
spaced white dots on a black background. The measurement accuracy was of the order of 
50~75 µε. 
2.9 Details of Fatigue Tests 
Fatigue tests were conducted at a minimum 1 Hz (1 stress cycle/sec) frequency 
under constant amplitude loading. Testing frequency in ATLSS Lab was generally 4~6 Hz 
depending on intended displacement at the loading point. The maximum testing frequency 
was 10 Hz. The testing frequency in Fritz Lab was 4.3 Hz, which was the fixed testing 
frequency of Amsler system.  
The tests were monitored by maximum and minimum strains measured at control 
strain gauges. To capture the nominal stresses, the control strain gauges were located at a 
section beyond the influence of local stresses. The control strain gauges were attached from 
6 in. (152 mm) to 8 in. (203 mm) away from the tube-to-transverse plate weld toe of the 
tested details for sign and signal support structures. For high level luminaire support 
structures, the control gauges were attached from 70 in. (1778 mm), 85 in. (2159 mm), and 
72 in. (1829 mm) away from the top face of the transverse plates for specimen Type X, XI, 
and XII, respectively. Exact distances were determined by FE analysis results, where a 
nominal stress and normal stress obtained from FEA matched each other. Nominal stress 
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was determined by extrapolating from measured stress at control gauges to the tube-to-
transverse plate weld toe of the tested details.  
The tests were periodically monitored. The displacements, the loads, and the 
strains at the control and other strain gauges were recorded automatically every minute by 
the data logger and manually every four hours (except night time). Due to the limitation in 
the system in Fritz Lab, displacements were not periodically measured and loads were 
recorded only at the four hour manual inspection. In each inspection, the details were 
inspected for fatigue crack growth with the aid of 10× magnifying glass and/or dye-
penetrant or magnetic particle testing.  
2.9.1 Stress Variables 
The minimum stress and the stress range were the two design stress variables for 
the fatigue tests. Stress range was the primary variable that influenced the fatigue 
performance considered connection details. The level of stress range for each test was 
determined based on the purpose of the test, such as fatigue testing for finite life or infinite 
life. The details in the sign and signal support structures were tested under a high level of 
minimum stress, commensurate with the anticipated dead load effects from the 
overhanging weights of the traffic signs and signal attachments. The details in the high 
level luminaire support structures were tested under complete stress reversal, reproducing 
the typical in-service loading of these structures. 
2.9.2 Failure Criterion 
In the earlier stage of the fatigue test, the criterion for determining failure of tube-
to-transverse plate welded connection was investigated. According to the study conducted 
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by Koenigs et al. (2003), three failure criteria were selected for failure definition. Those 
were: (a) 5% overall reduction in the loads require to meet the minimum and maximum 
displacement; (b) 10% or greater reduction in the strain gauge measurement from the strain 
gauge associated with the location of cracking; and (c) extent of visible cracking which 
propagated a significant distance around a tube. Failure was determined whichever 
triggered first out of three criteria. The failure criterion for the study performed by Ocel et 
al. (2006) was 1 in. (25 mm) surface crack, because it was the shortest, paint breaking 
defect detectable during the field inspection.  
As possible failure criteria, three options were made: (a) 5% change in 
displacement range at a loading point; (b) 10% drop of stress (or strain) range at control 
gauge; and (c) crack length of 5 in. (127 mm) at a weld toe of tube-to-transverse plate 
welded connection. Those were slightly different from what Koenigs et al. (2003) 
developed. Instead of 5% reduction in the load, 5% change of displacement range was 
selected, because applied load range should be kept consistent for constant amplitude load 
test. Control gauge, which was located far away from the tube-to-transverse plate welded 
connection, was selected for determining 10% drop in stress range, because the location of 
the control gauge was beyond the effect of any secondary stresses and could capture the 
nominal stress. Thus, the control gauge response was correlated with the global compliance 
of the structure and was affected by the cracking of all the welded details in the specimen. 
Placing strain gauge near a tube-to-transverse plate welded connection to monitor cracking 
and define failure was rejected, because the crack location was not always consistent. As a 
result, the information from these gauges might not be consistent. Therefore, definition of 
failure by a specific drop in stress (or strain) range in the control gauge would be 
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reasonable. In addition, 5 in. (127 mm) crack length was defined as a possible failure crack 
length instead of uncertain crack length.  
The investigation on the reasonable failure criterion was conducted for the first 
12 tested specimens, which were specimen Types I, II, VII, and X (three specimens per 
each type), and three replacement arms. Although the fatigue test results is not presented 
yet, part of test results of 12 specimens regarding failure criterion are presented in this 
section. For each fatigue test, the number of endured stress cycles corresponding to the first 
observation of a crack at a tube-to-transverse plate welded connection was noted. Except 
for a few cases, where the crack length at the first observation was too long to continue 
testing, number of cycles and corresponding crack lengths were recorded at every 
inspection to obtain crack growth data. In addition, the strain ranges at the control gage 
were continuously recorded, and the load and deflection/stroke at the load point/actuator 
were intermittently monitored. Tests were continued until the testing of a specimen could 
not be proceeded because of safety concerns or limitation in the testing machine. Based on 
these records, fatigue lives corresponding to the three failure criteria at tube-to-transverse 
plate welded connections in the specimens and corresponding crack lengths are tabulated 
in Table 5.  
Out of five specimens of Type I and VII (specimen I-1 was excluded because 
crack length could not be measured when 10% drop in stress range was occurred), crack 
lengths of four specimens were longer than 5 in. (127 mm) when 10% drop in stress range 
was occurred. For Type II specimens and Type II replacement mast-arms, the crack lengths 
at the tube-to-transverse plate groove-weld toe on the tube or backing ring top weld toe 
corresponding to 10% drop in stress range at the control gauge were less than 5 in. (127 
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mm) and mostly about 3 in. (76 mm). It was obviously different from the result obtained 
from specimen Types I and VII, because the control gauges were affected by more than 
one cracked detail in the structure, such as tube-to-transverse plate groove-weld or backing 
ring top weld. Therefore, defining failure by a specific value of drop in stress (or strain) in 
the control gauge where the specimen includes more than one possible cracking weld may 
not provide consistent fatigue lives. It is also supported by the result obtained from high 
level luminaire support structure (specimen Type X). No change in stress (or strain) was 
noted at the control gauge, even for a crack length of about 17 in. (432 mm) at the weld toe 
of tube-to-transverse plate fillet-weld. Crack length of 17 in. (432 mm) for 24 in. (610 mm) 
diameter tube was too long so that fatigue testing could not be continued due to the 
instability in testing system. 
Except a specimen Type I-3, displacements in specimen Types I and II were not 
measured due to limitation in the testing machine. The crack lengths of all specimens 
except the specimen I-3 were longer than 5 in. (127 mm) when 5% change in displacement 
range was observed. Especially, Type X specimens, which did not show any indication of 
drop in stress range at the control gauge until the termination of the test, presented large 
crack [about 12 in. (305 mm) or longer] when 5% change in displacement range at the 
loading point was noted. This observation provides important evidence that longer crack 
length is required for indicating change in compliance of the structures for the structures 
having larger tube diameter. Thus, the only criterion that consistently defined the fatigue 
failure of a tube-to-transverse plate welded connection was the length of the fatigue crack 
which is a local physical characteristic of the detail. It was also noted that the length of the 
crack has to be sufficiently large to show any appreciable change in the compliance of the 
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structure. Instead of a constant value, however, the crack length should be defined relative 
to the overall dimension of the structure or nature of crack growth for each detail. The 
crack length at the termination of tube-to-transverse plate welds on the tube wall can be as 
large as half the diameter of the tube, without significantly affecting the structural 
performance. The examples of the correlations between crack length and the stress range 
in the control gauge and crack length and the displacement range are shown in Figures 30 
and 31. In Figure 30 the stress range in the control gauge gradually decreased as growing 
crack. It is clearly noted that the stress range dropped sharply when the crack length was 
close to the half of the tube diameter, which was 5 in. (127 mm) for Type I specimen. 
Similar trend was also noted that displacement range of specimen Type X-3 at the loading 
point increased very fast when the crack length was longer than about 10 in. (254 mm). 
Half of the diameter of this specimen was 12 in. (305 mm). As it was demonstrated from 
the measurement, the crack length of half of the tube diameter could be a reasonable failure 
criterion for fatigue testing of tube-to-transverse plate welded connections. 
2.9.3 Finite Life Tests 
The fatigue resistance of a connection detail is defined by the nominal stress range 
and the number of stress cycles at failure. To determine the slope of a design curve, fatigue 
test were conducted at two well separated nominal stress range levels [at least 4 ksi (28 
MPa) apart]. At least three specimens were tested at each level of nominal stress range to 
provide sufficient replicates for a meaningful statistical analysis.  
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2.9.4 Infinite Life Tests 
Four specimens per each specimen type were tested for determining infinite life 
fatigue resistance of a connection detail. The first test was conducted at a nominal stress 
range corresponding to a CAFT [as tabulated in the AASHTO Bridge Design Specifications 
(2009a)]. The CAFT was selected as a highest CAFT below the analytically estimated 
fatigue threshold of the particular detail type. For example, if the analytically estimated 
fatigue threshold was 8 ksi (55 MPa), then the testing nominal stress range was 7 ksi (48 
MPa) which was the CAFT of AASHTO fatigue Category D. The nominal stress ranges 
corresponding to AASHTO fatigue thresholds (CAFT) in increasing severity of detail 
classes are: 24 ksi (165 MPa); 16 ksi (110 MPa); 12 ksi (83 MPa); 10 ksi (69 MPa);7 ksi 
(48 MPa);4.5 ksi (31 MPa); and 2.6 ksi (18 MPa).  
The infinite life test was conducted by “Step Method”. When a specimen was run-
out, it was tested again at an increased nominal stress range level corresponding to the next 
CAFT. Every time before increasing testing nominal stress range, it was verified by 
magnetic particle test and dye-penetration test that no fatigue crack had initiated at all 
connection detail in the specimen. On the other hand, when the specimen develops fatigue 
cracking before achieving the target number of cycles for infinite life, the subsequent 
specimen must be tested at a decreased nominal stress range corresponding to the next 
lower CAFT. The target number of cycles (run-out life) for each nominal stress range were 
taken as: 12.5×106 cycles at 16 ksi (110 MPa); 7.0×106 cycles at 12 ksi (83 MPa); 8.2×106 
cycles at 10 ksi (69 MPa); 14.7×106 cycles at 7 ksi (48 MPa); 20×106 cycles at 4.5 ksi (31 
MPa); and 20×106 cycles at 2.6 ksi (18 MPa). 
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2.10 Static Test Results 
This section discusses the result of static testing. The results presented in this 
section were obtained from a specimen of each type which was elaborately instrumented 
with strain gauges. Measurements of the specimen Type I, II, III, XI, and XII were 
conducted using both strain gauges and three-dimensional image correlation 
photogrammetry (3D-ICP). Details of 3D-ICP could be found from Thompson (2012). 
Since Thompson (2012) already discussed the static test results for specimen Types X, XI, 
and XII in detail, those are not presented. FEA results presented in this section were 
obtained from the 3D model using solid elements. Details of FEA modeling could be found 
from Section 3.4. 
2.10.1 Specimen Type I 
As detailed in Section 2.5.1, specimen I-3 was extensively strain gauged to 
determine the behavior of specimen Type I under load. Measured normal stress at the 
control gauge of the specimen, 6 in. (152 mm) from the weld toe of the mast-arm tube-to-
transverse plate fillet-welded connection, is compared with the FEA result and nominal 
stress at the same location (Figure 32). The stress is plotted against the applied load ranged 
from 0 kip (0 kN) to 6 kip (27 kN). The measured stress varied linearly with increasing 
load. Also, it showed excellent agreement to the nominal stress and the FEA result. It 
confirmed that the measurement at the control gauge could be used for estimating applied 
nominal stress at the tube-to-transverse plate fillet-welded connection. The normal stress 
in the longitudinal direction along the exterior of mast-arm surface was plotted in Figure 
33 on a path extending from the weld toe at the arm base in the loading plane. Applied load 
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was 2.5 kip (11 kN) corresponding to 12 ksi (83 MPa) at the weld toe section. Along with 
the measured stresses at the strain gauges, FEA result, optically measured stress, and 
nominal stress were also plotted. Good correlation was noted between the FEA stresses 
and the measured stress away from the weld toe. Near the weld toe region, variation of the 
measured stress was similar to the FEA results having high stress concentration and steep 
gradient in stress; however, the measured peak stress was lower than the FEA result. One 
of the probable reasons for this is the difference between the modeled and the actual global 
weld geometry and the weld toe geometry. While the weld toe was modeled as a sharp 
notch (zero radius), in reality each weld toe has a finite radius and thus a smaller peak stress 
is developed at the weld toe. Actual weld profile was captured using 3D ICP and compared 
with idealized weld profile having sharp weld notch and 30° weld angle (Figure 34). The 
actual weld profile was captured from the mast-arm of the specimen Type I-3. It showed 
that the measured radius at the weld toe and the weld angle were about 0.04 in. (1 mm) and 
20°, respectively. To prove the influence of weld geometry, two FEA models were made. 
One model had a rounded weld notch of 0.04 in. (1 mm) with 30° weld angle and another 
model had sharp weld notch with weld angle of 20°. Analysis results of both models are 
presented along with FEA result of idealized weld geometry and strain gauge measured 
stresses (Figure 35). The comparison shows that the influence of weld notch rounding was 
very limited. Except for the high stress concentration at the weld toe, no difference was 
noted from comparing stress profile of idealized weld geometry. However, FEA result of 
the model having 20° weld angle presented less stress concentration and good agreement 
with the strain gauge measured stress. Thus, the static test result verified the FEA results 
and provided credence to the analytical prediction based on these models.  
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FEA results, strain gauge measured stress, and nominal stress along longitudinal 
direction 45° off from the symmetry plane of the mast-arm are plotted in Figure 36. High 
stress concentration and steep stress gradient near the weld toe and deep valley due to the 
reverse bending are also shown. Similar to the measured stress at the center of mast-arm, 
the strain gauge measured stress was lower than FEA result. The measured stress 6 in. (152 
mm) away from the weld toe matched very well with FEA result and the nominal stress.  
In Figure 37, normal stresses along longitudinal direction in the outer surface of 
the symmetry plane from various sources were plotted. FEA result, optically measured 
stress, strain gauge measured stress, and nominal stress were compared. Strain gauge 
measured stress was matched well with FEA result near and away from the weld toe. 
Nominal stress was about 2 ksi (14 MPa) higher than FEA and measured stress due to the 
handhole, which was 12 in. (305 mm) away from the top of the pole base plate. Handhole 
and its 1/4 in. (6.4 mm) thick reinforced frame interrupted nominal tube bending.  
Optically measured stress in both mast-arm and pole bases successfully measured 
high stress concentration and steep stress gradient near the weld toe. However, it failed to 
measure reverse bending away from the weld toe. Probably, it is because of the accuracy 
of the measurement system. According to the manufacturer, the accuracy in measurement 
was only 50~75 µε, which was equivalent to about 2~3 ksi (14~21 MPa). Compared to 
strain gauge measurement, the accuracy was quite low. However, improved accuracy could 
be achieved with increased effort and experience. Optically measured stress in specimen 
Types II and III will show better correlation in the measurement.  
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2.10.2 Specimen Type II 
Measured stresses using strain gauges and 3D ICP were plotted with respect to 
the distance from the transverse plates of arm and pole bases (Figures 38 and 39). The 
normal stress along the longitudinal direction in the symmetric plane was compared. 
Nominal stresses in the arm and pole bases were not presented due to complex load sharing 
in the tube and the backing ring. Load sharing mechanism in the tube and backing ring is 
discussed in APPENDIX B. In the arm base, strain gauge measured stress agreed very well 
with FEA result away from the weld toe, and the measured stress was low near the weld 
toe. On the other hand, decreasing rate of optically measured stress was quite different from 
FEA result. The valley due to the reverse bending and the hump caused by the depositing 
weld on the top of the backing ring were not represented from the optically measured stress. 
The slopes of the normal stress profile in the pole base obtained by FEA, strain gauge, and 
3D ICP were similar to each other. At the same distance from the weld toe, optically 
measured stress was the highest and strain gauge measured stress was the lowest.  
2.10.3 Specimen Type III 
As detailed in Section 2.5.3, specimen III-7 was elaborately instrumented using 
strain gauges to determine the behavior of specimen Type III under load. Applied load at 
the tip of the mast-arm was 7 kip (31.1 kN). Measured stresses using strain gauges and 3D-
ICP in the mast-arm and the pole were plotted with respect to the distance from the weld 
toe in Figures 40 and 41. In the mast-arm, both strain gauge measured stresses and optically 
measured stresses near the weld toe was lower than FEA result, although the measured 
stress 6 in. (152 mm) from the weld toe was matching very well. Stress profile of the 
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measured stress was similar to the FEA result presenting steep stress decreasing. Similar 
results were already shown from the stress measurements of the specimen Type I. 
Dissimilarity between the actual weld geometry and the FEA model could make large 
difference. The stress profiles of measured stress and FEA result in the pole base also 
demonstrated steep stress gradient near the weld toe. Both measured stress and FEA result 
agreed well. 
2.10.4 Specimen Type IVB 
Specimen type IVB was tested under the out-of-plane loading at 45° to determine 
the influence of out-of-plane loading. Two loading conditions were considered. Load Case 
1 pulled downward the mast-arm and Load Case 2 loaded opposite to Load Case 1. Detail 
illustrations of these loading cases are presented along with the measurement results in 
Figures 42 to 49. Similar to the static test results of specimen Type III, measured stress 
profile near the weld toe was consistently lower than the FEA results, but steep stress 
gradient was distinctly observed.  
2.10.5 Specimen Type V and VI 
Static test results of specimen Type V and VI were presented only for the pole 
base in Figures 50 to 52. Generally, measured stresses were matching well with the FEA 
results, especially away from the weld. Although the measured stress near the weld was 
lower than the FEA results, the measured stress clearly showed the rapid decreasing trend 
clearly. 
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2.10.6 Specimen Type VII 
Measured and FEA Stress profiles in the mast-arm base and pole base are 
presented in Figures 53 to 56. In both mast-arm base and pole base, stresses were measured 
along the bend corner and symmetry plane. Higher stress concentration and steep stress 
gradient were commonly observed from all the measurements. Stresses at the bend corner 
were greater than the stress at the flat face. This observation confirms consistent fatigue 
crack initiation at the weld toe of bend corner.  
2.11 Fatigue Test Results 
Fatigue test results including cracking mode are presented in this chapter. 
Summary of the fatigue test results is presented in Table 6. As it was mentioned earlier, 
only the results obtained from tube-to-transverse plate welded connection are presented. 
Test results of other welded details can be found from Roy et al. (2011). Since the fatigue 
test results of high level luminaire support structure specimens (Type X, XI, and XII) were 
already discussed in detail by Thompson (2012), those are not discussed.  
2.11.1 Specimen Type I 
Seven Type I specimens were fatigue tested. These specimens represented round 
sign and signal support structures and employed fillet-welded tube-to-transverse plate 
connections in the poles and mast-arms. These specimens also contained a reinforced 
handhole and ring stiffened box at the mast arm to pole connections.  
Specimens I-1, I-2, and I-3 were fatigue tested to determine the finite life fatigue 
performance of the connections. The other four specimens (I-4, I-5, I-6, and I-7) were tested 
to determine the CAFT of the connections. 
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Specimens I-1, I-2 and I-3 were tested at 12 ksi (83 MPa) nominal stress range at 
the tube-to-transverse plate weld toe on the tube at the mast-arm base. These specimens 
developed fatigue cracking at the mast-arm tube-to-transverse plate weld toe on the tube 
(Figure 57). After failure of the mast-arms, fatigue testing of the poles in specimens I-1, I-
2, and I-3 were continued by replacing the arms with previously delivered arms that were 
rejected because of a mismatch between design and fabrication. Although these arms were 
rejected, these are identical to the mast-arm of specimen Type II. Thus, testing results of 
these replacement arms were counted as a part of specimen Type II. Fatigue testing for the 
poles could not be finished due to fatigue cracking in the handholes. 
Specimens I-4 and I-5 were tested under a nominal stress range of 7 ksi (48 MPa), 
the CAFT of AASHTO Category D, at the tube-to-transverse plate fillet-weld toe on the 
tube at the mast-arm base. Both specimens developed fatigue cracks in the mast-arms at 
the tube-to-transverse plate fillet-weld toe on the tube. The weld toe on the tube at the pole 
base was subjected to a nominal stress range of 4 ksi (28 MPa), where no fatigue cracks 
was detected until the failure of associated mast-arms.  
Accordingly, it was decided to test specimens I-6 and I-7 at a nominal stress range 
of 4.5 ksi (31 MPa), corresponding to the CAFT of AASHTO Category E, at the weld toe 
on the tube at the arm base, and these tests were run-out. Specimens I-6 and I-7 were re-
tested under an elevated nominal stress range of 7 ksi (48 MPa) at the weld toe on the tube 
at the arm base. Typical fatigue crack was detected in these specimens at the arm tube-to-
transverse plate fillet weld toe on the tube. 
Since no fatigue cracking was detected at the pole bases in specimens I-4, I-5, I-
6, and I-7 until failure of mast-arms, it was decided to continue testing these poles using a 
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specially fabricated arm. Three replacement arms were fabricated with a tube having larger 
diameter and thickness to reduce the applied stress range at the arm base. The diameter and 
thickness of the arm were 13 in. (330 mm) and 0.239 in. (6.1 mm), respectively. Similar to 
the mast-arm of specimen Type III, the tubes were groove-welded to the transverse plate 
without welding backing ring to the tube at the top face. The groove-weld toe on the tube 
was UIT treated to suppress fatigue cracking in the replacement arms. The poles in 
specimens I-4, I-5 and I-6 were run-out when tested under a nominal stress range of 4 ksi 
(28 MPa) at the tube-to-transverse plate fillet-weld toe on the tube at pole base 
[corresponding to 7 ksi (48 MPa) in the replacement arm]. The pole in specimen I-7, 
however, developed typical fatigue cracking at the tube-to-transverse plate fillet-weld toe 
on the tube, when tested at the same nominal stress range at the crack site. Subsequently, 
the poles in specimens I-4, I-5, and I-6 were re-tested at an elevated stress range of 5.7 ksi 
(39 MPa) at the tube-to-transverse plate fillet-weld toe on the tube at the pole base 
[corresponding to 10 ksi (69 MPa) in the mast-arm]. Testing of the poles in specimens I-4 
and I-6 were terminated due to fatigue cracking in handhole and only testing of the pole in 
specimen I-5 resulted in typical fatigue cracking at the tube-to-transverse plate fillet-weld 
toe on the tube at the pole base. 
2.11.2 Specimen Type II 
Three Type II specimens were fatigue tested. The poles and the arms employed 
full-penetration groove-welded tube-to-transverse plate connections, where the backing 
ring was continuously fillet-welded to the plate at the bottom and to the tube at the top face. 
The groove-welds were provided with a fillet reinforcement. These specimens also 
 63 
 
 
contained a reinforced handhole and fillet-welded gusseted box at the mast-arm to pole 
connections. 
All Type II specimens were tested at a nominal stress range of 12 ksi (83 MPa) at 
the tube-to-transverse plate groove-weld toe on the tube at the arm base, and developed 
fatigue cracks in the arm tube, either at the arm-to-transverse plate groove-weld toe or at 
the backing ring top weld toe, or both (Figures 58 and 59).  
After failure of the mast-arms, fatigue testing of the poles in specimens II-1 and 
II-3 were continued with the replacement arms which were used for testing specimen Type 
I poles. Applied stress ranges in the mast-arm were identical to the stress range for testing 
Type I pole. Thus, fatigue cracking results in the replacement arms could also be obtained. 
Only specimen II-1 developed fatigue cracking at the tube-to-transverse plate groove-weld 
toe on the tube at the pole base. The replacement arms also developed fatigue cracks either 
at the tube-to-transverse plate groove weld toe on the tube, or at the backing ring top weld 
toe, or both.  
2.11.3 Specimen Type III 
Ten Type III specimens were fatigue tested. The arms and poles in these 
specimens had groove-welded tube-to-transverse plate connection with the backing ring 
welded to the plate at the bottom but not to the tube at the top face. The groove-weld was 
provided with a fillet reinforcement.  
Six specimens (III-1, III-2, III-3, III-8, III-9, and III-10) were fatigue tested to 
determine the finite life fatigue performance of the connections. The other four specimens 
(III-4, III-5, III-6 and III-7) were tested to determine the CAFT of the connection details.  
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Specimens III-1, III-2 and III-3 were tested at a nominal stress range of 12 ksi (83 
MPa) at the tube-to-transverse plate groove-weld toe on the tube at the arm base. 
Specimens III-8, III-9 and III-10 were tested at a nominal stress range of 16 ksi (110 MPa). 
The mast-arms in these specimens developed fatigue cracking at the tube-to-transverse 
plate groove-weld toe on the tube. 
Fatigue testing of specimen III-4 was run-out thrice when tested at nominal stress 
ranges of 7 ksi (48 MPa), 10 ksi (69 MPa), and 12 ksi (83 MPa) respectively at the tube-
to-transverse plate groove-weld toe on the tube at the arm base. When retested at an 
elevated nominal stress range of 16 ksi (110 MPa), the mast-arm experienced fatigue 
failure from the weld toe on the tube. 
Since the mast-arm of the specimen III-4 had not cracked at a nominal stress range 
of 7 ksi (48 MPa), remaining specimens (III-5, III-6, and III-7) were tested at an elevated 
nominal stress range of 10 ksi (69 MPa) at the tube-to-transverse plate groove-weld toe on 
the tube wall. The mast-arms in specimens III-5 and III-6 experienced fatigue cracking at 
a nominal stress range of 10 ksi (69 MPa). The fatigue cracks developed from the tack 
welds between the top face of the backing ring and the tube. Figure 60 shows the fatigue 
cracking in the mast-arm of III-5 from the toe of the tack weld between the backing ring 
and the tube. Figures 61 and 62 show the fatigue crack growth in the mast-arm of specimen 
III-6 from a lack of fusion between the tack weld and the tube. Although the tack welds 
were not shown in the fabrication drawings, they were used despite the fabricator being 
instructed not to use tack welds that were not incorporated in the final welds.  
Fatigue testing of specimen III-7 was run-out twice when tested at nominal stress 
ranges of 10 ksi (69 MPa) and 12 ksi (83 MPa) respectively at the tube-to-transverse plate 
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groove-weld toe on the tube at the arm base. When retested at an elevated nominal stress 
range of 16 ksi (110 MPa), the arm experienced fatigue cracking through the throat of the 
weld. 
After the mast-arms failed, fatigue testing of the poles in the Type III specimens 
was continued with special replacement arms to determine the CAFT of the groove welded 
connection at the pole base. The run-out specimens were retested at progressively elevated 
stress ranges until fatigue cracking prevented further testing. None of the groove-welded 
connections at the pole base developed fatigue cracking. All tests were terminated by 
fatigue crack growth from the edge of the unreinforced handhole.  
Fatigue testing of the poles were run-out as follows: in specimens III-5 and III-6 
at a nominal stress range of 5.4 ksi (37 MPa) at the tube-to-transverse plate groove-weld 
toe on the tube at the pole base [corresponding to a nominal stress range of 10 ksi (69 MPa) 
at the arm base];. in specimens III-1, III-2, III-3, III-4, III-5, III-6 and III-7 at a nominal 
stress range of 6.5 ksi (45 MPa) at the pole base [corresponding to a nominal stress range 
of 12 ksi (83 MPa) at the arm base]; in specimens III-4, III-5, III-7, III-8 and III-10 at a 
nominal stress range of 8.7 ksi (60 MPa) at the pole base [corresponding to a nominal stress 
range of 16 ksi (110 MPa) at the arm base]; in specimens III-2, III-4, III-5, and III-7 at a 
nominal stress range of 10 ksi (69 MPa) at the pole base; and in specimen III-4 at a nominal 
stress range of 12 ksi (83 MPa) at the pole base.  
2.11.4 Specimen Type IVA and IVB 
Two each of specimens Type IVA and IVB were tested. Similar to specimens 
Type III, the arms and poles in these specimens had a groove-welded tube-to-transverse 
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plate connection with the backing ring welded to the plate but not to the tube at the top 
face. The groove-weld was provided with a fillet reinforcement. Specimens IVA did not 
contain any handhole and specimens IVB were provided with a reinforced handhole similar 
to specimens I and II. Specimens IVA were loaded in the plane containing the arm, and 
specimens IVB were loaded out-of-plane at 45°. The Type IV specimens were tested to 
determine CAFT of the various welded connections in these structures. 
Fatigue testing of specimens IVA-1 and IVA-2 was initiated at a nominal stress 
range of 7 ksi (48 MPa) at the tube-to-transverse plate weld toe on the tube at the arm base. 
These tests were run-out, and subsequently applied nominal stress was elevated to 10 ksi 
(69 MPa) at the arm base. Specimen IVA-1 developed fatigue cracking at the tube-to-
transverse plate weld toe on the tube at the arm base when retested at an elevated stress 
range of 12 ksi (83 MPa) at the arm base. Fatigue testing of specimen IVA-2, however, 
was run-out successively at nominal stress ranges of 12 ksi (83 MPa) and 16 ksi (110 MPa) 
at the arm base. The connection at the arm base developed fatigue cracking at the weld toe 
on the tube when tested under a nominal stress range of 24 ksi (165 MPa). 
After failure of the arms, fatigue testing of the poles in these specimens was 
continued with a special replacement arm. Testing of the pole in specimen IVA-1 was run-
out subsequently under nominal stress ranges of 6.5 ksi (45 MPa) corresponding to a 
nominal stress range of 12 ksi (83 MPa) at the arm base, and 10 ksi (69 MPa) at the tube-
to-transverse plate weld toe on the tube at the pole base. This connection experienced 
fatigue cracking at the weld toe on the tube, when retested at an elevated nominal stress 
range of 12 ksi (83 MPa). The tube-to-transverse plate connection at the pole base in 
specimen IVA-2 developed fatigue cracking at the weld toe on the tube when tested under 
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a nominal stress range of 13.1 ksi (90 MPa) corresponding to a nominal stress range of 24 
ksi (165 MPa) at the arm base. The nominal stress range at the pole base corresponding to 
a nominal stress range of 16 ksi (110 MPa) at the arm base was 8.7 ksi (60 MPa). According 
to the previous testing, none of the groove-welded connections experienced fatigue 
cracking below the nominal stress range of 10 ksi (69 MPa). Thus, the fatigue damage 
caused by a nominal stress range of 8.7 ksi (60 MPa) or less was neglected. 
Fatigue testing of specimen IVB-1 was initiated under out-of-plane loading at a 
nominal stress range of 10 ksi (69 MPa) at the tube-to-transverse plate weld toe on the tube 
at the arm base. This test was run-out. When retested at an elevated nominal stress range 
of 12 ksi (83 MPa), a fatigue crack developed from the root of the side gusset to pole weld 
at the bottom corner (Figure 63). Testing of this specimen was continued after drilling holes 
at the crack tips on the pole wall and the test was run-out without further crack growth. The 
specimen was retested at an elevated stress range of 16 ksi (110 MPa) at the arm base and 
the test was terminated due to fatigue cracking from the root of handhole frame-to-pole 
weld that grew into the tube. A hole was drilled at the crack tip on the tube to continue 
testing, but with limited success, as a fatigue crack initiated from the edge of the hole within 
another 58,000 cycles. 
Fatigue testing of specimen IVB-2 was also conducted under out-of-plane loading 
at a nominal stress range of 10 ksi (69 MPa) at the tube-to-transverse plate weld toe on the 
tube at the arm base. This test was also terminated due to fatigue cracking from the root of 
handhole frame-to-pole weld that grew into the tube. 
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2.11.5 Specimen Type V 
Four Type V specimens were tested. These specimens employed mast-arm-to-
pole clamp connections. The arm tube was connected to the clamp plate with a fillet-weld. 
Fatigue testing of two specimens V-1 and V-2 was conducted at a nominal stress range of 
12 ksi (83 MPa) at the arm tube-to-clamp plate weld toe on the tube. Specimens V-3 and 
V-4 were tested at a nominal stress range of 7 ksi (48 MPa). All tests were terminated by 
fatigue cracking at the arm tube-to-clamp plate weld toe on the plate. 
Subsequently, fatigue testing of the groove welded connection at the pole base in 
specimens Type V were continued by testing the poles as vertical members under lateral 
loading (similar to the high level luminaire support structure specimens, but under a 
sustained minimum load) because the special replacement arm was not able to install. The 
test setups for high level luminaire support structure specimens were modified for testing 
these specimens [Figure 19 (b)]. Prior to continue fatigue testing at the pole base, dye- 
penetrant test and magnetic particle test at the tube-to-transverse plate groove-weld toe on 
the tube at the pole base were conducted to find any crack which could not be found. No 
crack was detected from these testing. Instead of testing at a nominal stress range of 6 ksi 
(41 MPa) and 3.5 ksi (24 MPa), which were equivalent to the applied nominal stress ranges 
in the mast-arms, the poles were tested at nominal stress range of 12 ksi (83 MPa) at the 
tube-to-transverse plate weld toe on the tube. The higher stress range was selected since 
none of the groove welded tube-to-transverse plate connections at the pole bases in 
specimens Type III and IV with equivalent estimated stress concentration had developed 
fatigue cracking below a nominal stress range of 12 ksi (83 MPa). All specimens developed 
fatigue cracking at the tube-to-transverse plate weld toe on the tube.  
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2.11.6 Specimen Type VI 
Ten Type VI specimens were tested. The specimens employed a novel partial-
penetration groove-welded mast-arm sleeve-to-pole pass-through connection. The pole 
base was provided with a groove-welded tube-to-transverse plate connection, with the 
backing ring welded to the plate but not to the tube at the top face. The groove-weld was 
provided with a fillet reinforcement. 
None of the tube-to-transverse plate connections at the pole base developed 
fatigue cracking when the tests were terminated due to fatigue cracking of mast-arm sleeve-
to-pole pass-through connection. Subsequently, fatigue testing of the groove-welded 
connection at the pole base in specimens Type VI were continued by testing the poles as 
vertical members under lateral loading (similar to the high level support luminaire structure 
specimens, but under a sustained minimum load), after the fatigue cracked mast-arm 
sleeve-to-pole pass-through connections were cut-off. No fatigue cracking was detected by 
magnetic particle and dye-penetrant testing at the tube-to-transverse plate groove-weld toe 
on the tube at the pole base. The same test setup for Type V poles was used.  
Testing of poles in specimens VI-1, VI-2, VI-3, VI-4, VI-6, and VI-7 were 
initiated at a nominal stress range of 12 ksi (83 MPa) at the tube-to-transverse plate weld 
toe on the tube at the pole base. This connection in the assembled pole and arm specimens 
was subjected to a nominal stress range of 6.3 ksi (43 MPa). The higher stress range of 12 
ksi (83 MPa) was considered since none of the groove welded tube-to-transverse plate 
connections at pole bases in specimens Type III and IV with equivalent estimated stress 
concentration had developed fatigue cracking below a nominal stress range of 12 ksi 
(MPa). 
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Only the pole of specimen VI-7 developed fatigue cracking at the tube-to-
transverse plate weld toe on the tube at the pole base. Fatigue testing of poles in specimens 
VI-1, VI-2, VI-3, VI-4, and VI-6 were run-out. Upon re-testing at an elevated nominal 
stress range of 16 ksi (110 MPa), the poles of specimens VI-1, VI-4 and VI-6 developed 
fatigue cracking at the weld toe on the tube. Fatigue testing of specimens VI-2 and VI-3 
were run-out when tested at an elevated nominal stress range of 16 ksi. When retested at a 
further elevated stress range of 24 ksi (165 MPa), the pole in specimen VI-3 failed by 
fatigue cracking; the testing of pole in specimen VI-2, however, was run-out. 
Testing of poles in specimens VI-8, VI-9 and VI-10 were continued at the nominal 
stress range of 13.1 ksi at the tube-to-transverse plate weld toe on the tube at the pole base 
corresponding to a nominal stress range of 16 ksi (110 MPa) at the mast-arm sleeve-to-
pole pass-through connection. The pole in specimen VI-9 developed fatigue cracking at the 
weld toe on the tube. The poles in specimens VI-8 and VI-10, however, were run-out. Upon 
retesting at a nominal stress range of 16 ksi, the tube in specimen VI-10 developed fatigue 
cracking at the weld toe on the tube. The pole in specimen VI-8, however, was run-out at 
12.5×106 cycles. This specimen finally failed by fatigue cracking at the weld toe on the 
tube, when tested at a nominal stress range of 24 ksi (165 MPa). 
2.11.7 Specimen Type VII 
Seven Type VII specimens were fatigue tested. This specimen type represented 
multi-sided sign and signal support structures and employed fillet-welded tube-to-
transverse plate connections in the bases of pole and the mast-arm.  
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Specimens VII-1, VII-2 and VII-3 were fatigue tested to determine the finite life 
fatigue performance of the connections. The other four specimens (VIII-4, VII-5, VII-6 
and VII-7) were tested to determine the CAFT of the details in multi-sided specimens.  
Specimens VII-1, VII-2 and VII-3 were tested at 12 ksi (83 MPa) nominal stress 
range at the tube-to-transverse plate weld toe on the tube at the arm base and experienced 
fatigue cracking in the arm.  
Specimens VII-4 and VII-5 were tested under a nominal stress range of 4.5 ksi 
(31 MPa), the CAFT of AASHTO Category E, at the tube-to-transverse plate fillet-weld 
toe on the tube at the mast-arm base and experienced fatigue cracking in the mast-arm.  
In view of the result of specimens VII-4 and VII-5, it was decided to fatigue test 
specimens VII-6 and VII-7 at a nominal stress range of 2.6 ksi (18 MPa), corresponding to 
the CAFT of AASHTO Category E´, at the tube-to-transverse plate weld toe on the tube at 
the arm base. In specimen VII-7, a small crack was detected at one of the outermost bend 
corners on the tension face at a very early age of 70,000 cycles (Figure 64). However, this 
crack did not demonstrate any significant growth. Fatigue testing of specimens VII-6 and 
VII-7 was run-out. When re-tested at an elevated nominal stress range of 4.5 ksi (31 MPa) 
in the arm, both specimens developed fatigue cracking from the handhole frame to pole 
weld. Growth of this crack was arrested by drilling hole at the crack tip in the pole, and the 
fatigue testing was continued. Testing of specimen VII-6 was again run-out, without further 
fatigue cracking from the other welded details. Specimen VII-7, however, experienced 
fatigue cracking in the arm. Specimen VII-6 experienced fatigue cracking in the arm when 
re-tested at an elevated stress range of 7 ksi (48 MPa) at the tube-to-transverse plate fillet-
weld toe on the tube at the arm base.  
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All Type VII specimens were failed by fatigue cracking in the mast-arm at the 
tube-to-transverse plate fillet-weld toe on the tube at the mast-arm base (Figure 65). These 
cracks initiated at the bend corners on the tension face at an early age due to high stress 
concentration, precipitated by sharp bend radius [~0.5 in (13 mm)], and were detected very 
early into the fatigue tests. The cracks then progressed through the thickness and grew as 
a through thickness crack on two fronts. Once the cracks developed out of the bends into 
the flat face, the crack propagation rate reduced.  
After failure of mast-arms in specimens VII-1, VII-2, and VII-3, fatigue testing 
was continued with cracked mast-arms until same applied stress range [6.6 ksi (46 MPa)] 
in tube-to-transverse plate groove-welded connection in the pole base was achieved. The 
connection at the pole bases of these specimens also experienced similar fatigue crack 
growth at the tube-to-transverse plate fillet-weld at the pole base. After failure of mast-
arms in specimens VII-4, VII-5, VII-6, and VII-7, fatigue testing of the poles in these 
specimens were continued with a special replacement arm. The pole base in specimen VII-
6 was tested at a nominal stress range of 3.9 ksi (27 MPa) corresponding to a nominal stress 
range of 7 ksi (48 MPa) in the arm at the tube-to-transverse plate weld to on the tube. The 
poles in specimens VII-4, VII-5 and VII-7 were tested at a nominal stress range of 2.5 ksi 
(17 MPa) corresponding to a nominal stress range of 4.5 ksi (31 MPa) in the arm at the 
tube-to-transverse plate weld to on the tube. The pole of specimen VII-6 developed fatigue 
cracking at the tube-to-transverse plate weld toe on the tube. This test was, however, 
terminated by fatigue cracking from the root of the handhole frame-to-pole weld after 
15.4×106 cycles. At that time, the fatigue crack at the pole base weld toe on the pole wall 
grew to 6 3/8 in (162 mm), which was slightly less than the failure criteria of half the tube 
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diameter [6.5 in (165 mm)]. Fatigue testing of poles in specimens VII-4, VII-5, and VII-7 
was run-out. The pole in specimen VII-7 was re-tested at an elevated nominal stress range 
of 3.9 ksi (27 MPa) as a replicate fatigue test of the pole in specimen VII-6, and developed 
fatigue cracking at the tube-to-transverse plate weld toe on the tube at the pole base. 
The poles in specimens VII-4 and VII-5 were re-tested at an elevated nominal 
stress range of 4.5 ksi (31 MPa), corresponding to the CAFT of AASHTO Category E. In 
specimen VII-4, a fatigue crack initiated in the pole wall from the hole that was drilled to 
arrest crack growth from the handhole, which terminated the fatigue test. The pole base of 
specimen VII-5 developed a fatigue crack at the tube-to-transverse plate weld toe on the 
tube.  
2.12 Evaluation of Fatigue Test Results 
For evaluating fatigue test results, test results were plotted on S-N plots against 
the fatigue design curves of the AASHTO LRFD Bridge Design Specification. Estimated 
lives in the plots were obtained using local stress approach, which will be presented in 
Chapter 4. The same FEA models were used as the analytical model for static test results. 
All fatigue test results were plotted as nominal stresses verses the life based on the failure 
criterion defined in section 2.9.2.   
2.12.1 Specimen Type I 
Fatigue test results of specimen Type I are shown in Figure 66. The fillet-welded 
tube-to-transverse plate connections at the mast-arm and pole base exhibited a lower bound 
fatigue resistance of Category E´ in the finite life region consistent with the analytical 
prediction. Large scatter was observed in fatigue lives. Especially, three specimens (I-1, I-
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2, and I-3) tested under the stress range of 12 ksi (83 MPa). As it was presented in Section 
2.10.1, applied stress at the weld region could be significantly changed by the weld 
geometry. Polished and etched sections of the three mast-arm fillet-welds are shown in 
Figure 67. The section was taken from the location where the fatigue crack was initiated. 
When measured on photo micrographs, the angles at the three weld toes were obtained as 
42° (I-1), 26° (I-2), and 20° (I-3), respectively. Comparing the weld geometries with the 
exhibited fatigue lives, it was noted that the welded connection having the largest incident 
angle produced the shorted life and vice versa. 
None of the fillet-welded round tube-to-transverse plate connections in mast-arms 
experienced fatigue cracking at or below a stress range of 4.5 ksi (31 MPa), the CAFT of 
AASHTO fatigue Category E. The analytically predicted CAFT for this detail was about 
4.4 ksi (30 MPa). The CAFT of the mast-arm geometry is defined is 4.5 ksi (31 MPa) 
corresponding to the CAFT of AASHTO Category E. The CAFT of the pole is not defined, 
because fatigue testing of majority of poles (five out of seven poles) was terminated due to 
the fatigue cracking in their handholes.  
2.12.2 Specimen Type II 
The groove-welded connections at the arm base in specimens Type II and 
replacement arms demonstrated a fatigue resistance exceeding AASHTO Category E 
against crack growth at the toe of the backing ring-to-tube weld at the top and the tube-to-
transverse plate weld on the tube (Figure 68). The replacement arms were identified as IIR 
in the figure.  
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Only one of the poles in Type II specimens developed fatigue cracking at the tube-
to- transverse plate groove-weld toe on the tube. This detail exhibited a fatigue resistance 
slightly less than Category E´.  
2.12.3 Specimen Type III 
Fatigue test results of Specimen Type III are shown in Figure 69. The groove-
welded round tube-to-transverse plate connections at the arm base in specimen Type III 
exhibited a lower bound fatigue resistance of AASHTO Category E in the finite life region. 
The predicted finite life fatigue resistance of this detail was slightly less than Category E. 
None of the groove-welded tube-to-transverse plate connections at the arm base or the pole 
base developed fatigue cracking when tested at or below a nominal stress range of 10.0 ksi 
(69 MPa), the CAFT of AASHTO fatigue Category C. Thus, the CAFT of the groove-
welded connection in the mast-arm could be defined as a nominal stress range of 10 ksi (69 
MPa). CAFT of the connection in pole could be 10 ksi (69 MPa) or higher. The predicted 
CAFT of the mast-arm connection was 7 ksi (48 MPa) and that of the pole connection was 
11.6 ksi (80 MPa). 
The test results demonstrated significant variability in fatigue performance 
primarily due to the deviation in the as-fabricated weld shape and angle from the specified 
weld angle of 30°. For example, the profiles of welds at the sections of crack initiation are 
shown in Figure 70 for specimens III-8 and III-9, which demonstrated significantly 
different lives (6.7×106 cycles and 0.4×106 cycles) when tested at identical stress ranges. 
As is evident in Figure 71, the crack in specimen III-9 initiated at a location where the weld 
profile changed significantly, causing a higher stress concentration. It appears that the 
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shallow last pass of the weld in specimen III-9 was due to an attempt to produce the 
specified weld angle of 30°. The weld angles at the points of crack initiation in specimens 
III-8 and III-9 were 22.2° and 46.1° respectively. As was noted during this research, the 
weld shape and angle has a significant effect on the fatigue performance of welded 
connections in these thin walled tubular structures. From analytical studies it was evident 
that the variation in fatigue resistance was more significant for a decrease rather than an 
increase in the weld angle from the specified value of 30°. 
2.12.4 Specimen Type IV 
Fatigue test results of specimens Type IVA and Type IVB are shown in Figures 
72 and 73 respectively. The performance of the groove-welded connections in the mast-
arms and poles of specimen Type IVA were consistent with similar groove welded 
connections in specimens Type III. None of the groove welded connections developed 
fatigue cracking when tested at a nominal stress range below 12 ksi (83 MPa). The groove 
welded connections in the test geometry exhibited a lower bound fatigue resistance of 
Category E in the finite life and Category C [10 ksi (69 MPa)] in the infinite life. 
None of the groove welded details in the specimens Type IVB developed fatigue 
cracking at the tube-to-transverse plate groove-welded connections in the arm and pole 
bases. Fatigue test results of specimens Type IVA and IVB are compared in Figure 74. 
Since there were not fatigue cracking developed at the tube-to-transverse plate groove-
welded connections in both arm and pole bases within the stress range from 5.4 ksi (37 
MPa) to 16 ksi (110 MPa), the performance of the groove welded connections in specimens 
Type IVB under out-of-plane loading was consistent with similar groove welded 
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connections in specimens Type IVA that were tested under in-plane loading. Therefore, no 
effect of out-of-plane loading was evident. 
2.12.5 Specimen Type V 
Fatigue test result for specimen Type V pole base presented that a lower bound 
fatigue resistance in the finite life region was AASHTO fatigue Category E´ as shown in 
Figure 75. None of the tube-to-transverse plate groove-welded connections at the pole base 
in specimens Type V developed fatigue cracking when tested at a stress range at or below 
a nominal stress range of 10 ksi (69 MPa). The CAFT of this detail is defined as 10 ksi (69 
MPa) corresponding to the CAFT of AASHTO Category C.  
2.12.6 Specimen Type VI 
According to the fatigue test result of the groove-welded tube-to-transverse plate 
connections at the pole base in specimen Type VI shown in Figure 76, lower bound fatigue 
resistance in finite life region of the detail in the test geometry was AASHTO fatigue 
Category C. None of the Type VI pole base developed fatigue cracking when tested at a 
stress range at or below a nominal stress range of 10 ksi (69 MPa). Therefore, CAFT for 
this detail in the test geometry is defined as 10 ksi (69 MPa) corresponding to the CAFT 
of AASHTO fatigue Category C. 
2.12.7 Specimen Type VII  
Fatigue test results of specimen Type VII with multi-sided cross section are shown 
in Figure 77. The fillet-welded multi-sided tube-to-transverse plate connections in mast-
arms demonstrated a lower bound fatigue resistance in finite region of AASHTO Category 
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E´. These cracks initiated at the outermost bend corners on the tension face and were 
detected very early into the fatigue tests. Once the cracks developed out of the corners into 
the flat faces, the crack propagation rate reduced. In Figure 78, crack growth histories of 
two different types having difference cross section in mast-arm were compared. The reason 
for selecting these two mast-arms is because both mast-arms exhibited similar fatigue life 
under the same stress range of 7 ksi (48 MPa). Number of cycles from the crack initiation 
to the failure, 5 in. (127 mm) crack length, for specimen VII-6 was about 28% less than 
that for specimen I-6 mast arm, although specimen I-6 arm had about 30% more fatigue 
life. It shows that the crack growth in a multi-sided tube is slower than the crack growth in 
a round tube.  
The fillet welded tube-to-transverse plate connections in poles also exhibited early 
cracking at the outermost bend corners on the tension face and exhibited similar crack 
propagation. Due to higher GSCF in the pole compared to the arm, however, the details in 
the pole demonstrated a fatigue resistance less than AASHTO Category E´. 
None of the type VII specimens developed fatigue cracks when tested at or below 
a nominal stress range of 2.6 ksi (18 MPa), the CAFT of AASHTO fatigue Category E´. It 
appears that the CAFT of the fillet-welded connection for this specimen geometry is 2.6 
ksi (18 MPa). The analytically predicted CAFT for this detail was 2.9 ksi (20 MPa) for the 
arm base and 3.5 ksi (24 MPa) for the pole base. 
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2.13 Fatigue Resistance of Fillet-welded Unstiffened Tube-to-transverse Plate 
Connections 
Fatigue test results of all fillet-welded unstiffened tube-to-transverse plate 
connections in round and multi-sided sections tested under this study and Stam et al. (2011) 
are presented in Figures 79 and 80. All test results are for transverse plate thickness of 2.0 
in. (51 mm) or greater. Significant scatter in fatigue performance was evident due to the 
large variability in weld geometry as discussed earlier. Finite and infinite life fatigue 
resistance of the detail are categorized in terms of respectively GSCF and NSCF. Detail 
discussion on the effect of GSCF and NSCF are presented in Chapter 3.  
2.13.1 Fatigue Resistance for Finite Life 
In Figure 79, the test results are grouped according to their cross-section and 
respective GSCF as obtained from the FEA of the specimen models. The GSCF for round 
sections ranges between 2.0 and 2.6, and that for multi-sided sections ranged between 2.3 
and 3.0. The plot shows that the multi-sided sections with higher GSCF produced lower 
fatigue resistance. In the finite life region, all connections having GSCF less than or equal 
to 2.8 exhibited a lower bound fatigue resistance of AASHTO Category E´. The three 
multi-sided specimens (Type VII poles) having a GSCF of 3.0 demonstrated a fatigue 
resistance less than Category E´. Thus, lower bound or design fatigue resistance of fillet-
welded tube-to-transverse plate connections in round and multi-sided sections is defined 
as Category E´ for finite life, with their GSCF limited to 2.8. 
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2.13.2 Fatigue Resistance for Infinite Life 
In Figure 80 the test results are grouped in terms of NSCF, as obtained from the 
FEA of the specimen models. The NSCF for round sections ranged between 4.5 and 5.6, 
and that for multi-sided sections ranged between 4.5 and 7.0. The range of NSCF in multi-
sided sections is much larger compared to their GSCF and consisted of two distinct data 
set. One data set belonged to sections having 16 sides and 4 in (102 mm) internal bend 
radius with NSCF ranging between 4.5 and 5.6 (similar to a round section), and the other 
data set belonged to sections having eight sides and approximately 0.5 in (13 mm) bend 
radius with NSCF of about 7.0. The plot shows that the connections having NSCF less than 
or equal to 5.6 demonstrated a CAFT of 4.5 ksi (31 MPa), the CAFT of AASHTO Category 
E. The connections having NSCF greater than 5.6 and less than 7.0 exhibited a CAFT of 
2.6 ksi (18 MPa), the CAFT of AASHTO Category E´ 
2.13.3 Effect of Tube Cross-section 
Fatigue performance of fillet-welded tube-to-transverse plate connections in 
round and multi-sided sections are compared in Figure 81 for identical connection 
geometry (Type I and Type VII specimens). The difference in tube thickness between two 
types of specimens was ignored because it was so small. As the plot shows, fatigue cracking 
initiated very early in the multi-sided sections, but the life at a failure criteria (crack length 
of half the tube diameter) was similar to that of round tubes. As discussed earlier, the cracks 
initiated at the outermost bend corner on the tension face and their propagation rate reduced 
once the cracks developed out of the corners into the flat faces.  
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Figure 82 shows the distribution of geometric stresses in the longitudinal 
(meridional) direction around the perimeter at the tube-to-transverse plate fillet-welded 
connections in the round and multi-sided sections (see Figure 81 for connection geometry) 
as obtained from FEA. As is evident, a higher geometric stress occurred at the bend corner 
of multi-sided tube compared to the stress in the round tube at the same circumferential 
position. The stress in the multi-sided tube then decreased compared to the stress in the 
round tube, as the circumferential position moved towards the center of flat side. This 
would explain the reason for decreased crack growth rate in the multi-sided tubes as the 
crack progressed out of the bend corner. The behavior could be interpreted as the bend 
corner behaving as a stiffener to the flat face, which would disappear as the multi-sided 
section approaches round. This stiffening effect also shows the dependence of GSCF on 
the geometry of the multi-sided tube. 
Figure 83 compares the distribution of maximum principal stresses in the round 
and multi-sided tubes (see Figure 81 for connection geometry) along a path on the tube 
surface originating at the highest stressed weld toe location and extending normal to the 
transverse plate. In the round tube the path is located at the mid plane of the tube and in the 
multi-sided tube the path in located on the bend corner. As is evident the stress profiles 
were similar and produced similar GSCF (2.6 for the round tube and 2.8 for the multi-sided 
tube) at 0.1√(rt) ahead of the weld toe, where r and t are the radius and the thickness of 
tubes. This explains the similar finite life performance exhibited by the round and multi-
sided tubes. 
Figure 84 plots the variation of notch stresses in two multi-sided sections with 
respect to bend radius. The notch stresses are normalized with respect to the notch stresses 
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in similar round tubes. Also shown on the plots are the respective roundness factors, which 
will be discussed in Section 7.2. The plot shows that the notch stress in the eight-sided tube 
with about 1/2 in. (13 mm) bend radius is significantly higher (~1.5 times) compared to a 
round tube, which explains the early cracking in these sections. The notch stress decreased 
significantly for a sixteen-sided tube with 4 in. (102 mm) bend radius. In the eight-sided 
tube similar decrease in notch stress can be achieved with a bend radius of about 2.0 in. 
(51 mm). Since, the infinite life performance of a connection is dependent on the notch 
stress, the CAFT of multi-sided tubes with less sides and sharper bend radius (producing 
smaller roundness) is expected to be lower. 
Although the multi-sided sections with eight sides and about 1/2 in. (13 mm) bend 
radius demonstrated similar GSCF as round sections, their NSCF was much higher 
compared to round sections or multi-sided sections with 16 sides and 4.0 in. (102 mm) 
internal bend radius, and thus exhibited lower CAFT. This explains the early cracking 
observed in this tube geometry when tested at a higher stress range. It is evident that the 
bend radius and number of sides in a multi-sided section have a significant effect on the 
CAFT of the details. The effects of multi-sided sections are further discussed later in this 
chapter. The results demonstrated that NSCF characterizes the infinite life fatigue 
performance of tubular connections; GSCF only captures the geometric effects and is not 
appropriate for assessing infinite life performance.  
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2.14 Fatigue Resistant of Unstiffened Tube-to-transverse Plate Groove-welded 
Connections 
Fatigue test results of all full-penetration groove welded tube-to-transverse plate 
connections in round and multi-sided sections tested under this study and Stam et al. (2011) 
are presented in Figures 85 and 86. All test results are for transverse plate thickness of 2.0 
in. (51 mm) or greater. Significant scatter in fatigue performance was evident due to the 
large variability in weld geometry as discussed earlier. 
2.14.1 Fatigue Resistance for Finite Life 
In Figure 85, the test results are grouped according to their GSCF as obtained 
from the FEA of the specimen models. As is evident, the connections with smaller stress 
concentration factors exhibited better fatigue performance. In the finite life region, the 
connections having GSCF in the range of 1.6 to 2.3 exhibited a lower bound fatigue 
resistance of AASHTO Category E´. The connections having GSCF in the range of 1.2 o 
1.6 exhibited a lower bound fatigue resistance of AASHTO Category D. Based on the test 
results, the GSCF of the groove-welded tube-to-transverse plate connections are limited to 
2.3, corresponding to AASHTO Category E´. 
2.14.2 Fatigue Resistance for Infinite Life 
In Figure 86, the test results are grouped in terms of NSCF, as obtained from the 
FEA of the specimen models. The connections having NSCF less than or equal to 5.1 did 
not develop any fatigue cracking when tested at or below a stress range of 7.0 ksi (48 MPa), 
the CAFT of AASHTO Category D. None of the connections having NSCF less than or 
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equal to 3.2 developed fatigue cracking when tested at or below a stress range of 10.0 ksi 
(69 MPa), the CAFT of AASHTO Category C. 
Two connections having GSCF of about 2.9 were tested by Stam et al. (2011), 
and demonstrated a finite life fatigue resistance less than Category E´ (Figure 85). Infinite 
life performance of these connections, having NSCF of about 7.0, was not experimentally 
determined. Based on analytical assessment, the CAFT of the connections for NSCF in the 
range of 5.1 and 7.2, is proposed as 4.5 ksi (31 MPa), the CAFT of AASHTO Category E 
(Figure 86). 
2.14.3 Effect of Opening Ratio 
Figure 87 shows the effect of opening in the transverse plate on the fatigue 
performance of groove-welded tube-to-transverse plate connections tested in this research. 
The results are grouped in terms of % opening ratio (COP), which is the ratio of opening 
diameter to the tube diameter. To evaluate only the effect of opening size, the results of 
connections in round tubes of similar geometry are presented. Also shown on this plot are 
the results of round fillet-welded tube-to-transverse plate connections of comparable 
geometry, which represented 100% opening. The data shown are for fatigue cracking at the 
weld toe on the tube. As the plot shows, with reduced opening ratio the GSCF reduced and 
the fatigue performance improved. It is evident, that the reduced opening ratio provided 
significant improvement in the fatigue resistance of the groove-welded tube-to-transverse 
plate connections by reducing the transverse plate flexibility. As a result, groove-welded 
connections exhibited significantly better fatigue resistance compared to fillet-welded 
connections in identical structures. 
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Figure 88 compares the fatigue test results of fillet- and groove-welded tube-to-
transverse plate connections in high level luminaire support structures with identical cross 
section — 16 sides, 4 in. (102 mm) internal bend radius, and 24 in. (610 mm) outer opposite 
flat-to-flat distance. The fillet welded connection had a 3 in. (76 mm) base plate with 16 
bolts at a bolt circle ratio of 1.25, producing a GSCF of 2.3. The base plate in the groove-
welded connection was 2.5 in. (64 mm) thick, and had a 60% opening. Eight bolts were 
used at a bolt circle ratio of 1.25. The GSCF of this connection was 2.2. As the plot shows, 
both connections with similar GSCF provided similar performance. The results showed the 
significance of opening size in reducing the flexibility of the transverse plate. With a 40% 
reduced opening, the thickness of the transverse plate could be reduced from 3 in. (76 mm) 
to 2.5 in. (64 mm), and the number of bolts could be reduced from 16 to eight. 
2.14.4 Effect of Backing Ring Weld 
Full-penetration groove-welded tube-to-transverse plate connections are usually 
fabricated with a backing ring. In galvanized structures, the backing ring is often welded 
to the plate and the tube to avoid ingress of acid in the gaps between the backing ring, the 
tube and the plate during pickling in the galvanizing process. Any trapped acid in the gaps 
may cause crevice corrosion or hydrogen related cracking, when exposed to moisture in 
service. As such, this weld is commonly termed as seal weld. If the backing ring is welded 
to the plate and the tube, it participates in transferring forces from the tube to the transverse 
plate, and fatigue cracking can occur both at the backing ring top weld toe on the tube, and 
the groove weld toe on the tube. The amount of force that is transferred through the backing 
ring and the resulting stress concentration at the backing ring weld toe depends on the 
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diameter and thickness of the tube, and the eight and thickness of the backing ring. When 
the backing ring is welded to the tube it provides a redundant load path after the tube to 
transverse plate groove-weld develops fatigue cracking. 
Figure 89 shows the fatigue test results of groove welded tube-to-transverse plate 
connections with the backing ring welded to the tube. All backing rings were specified as 
2 in. ×¼ in. (51 mm × 6 mm). As is evident, fatigue cracking occurred both at the groove-
weld toe and the backing ring top weld toe on the tube, exhibiting similar life. Except in 
one tube of 10 in. (254 mm) diameter (specimen II-1 mast-arm), the backing ring weld toe 
developed fatigue cracking after cracking of the groove-weld toe on the tube. FEA results 
showed that the GSCF at the backing ring weld toe in an un-cracked specimen was 
significantly smaller than at the groove weld toe, explaining the sequence of fatigue 
cracking at these two welds. However, due to cracking of the tube at the groove-weld toe 
all stresses deviate into the backing ring, increasing the stress concentration at the backing 
ring weld toe and causing cracking at this weld toe soon after. 
The cracking at the backing ring weld prior to the groove-weld was due to 
inadequate quality of the backing ring-to-tube weld. Figures 59 (b), 90, and 91 show the 
examples of less than desirable quality of backing ring-to-tube weld in 10 in. (254 mm) 
diameter tubes that would precipitate fatigue cracking at this detail and limit the connection 
fatigue performance. The primary reason for this inadequate quality is the insufficient 
access in smaller diameter tubes, which prevents ensuring weld quality between the tube 
and the backing ring. The other reason is the lack of attention to this weld as it is defined 
as “seal weld” and therefore perceived as nonstructural. It is recommended that the backing 
ring be welded to the tube only in larger diameter tubes [16 in. (406 mm) or above], where 
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sufficient access can control the quality of this weld adequately. When performed, this 
weld should be specified and inspected as a structural weld. 
In galvanized structures, if the backing ring is not welded to the plate or to the 
tube wall, all resulting gaps should be sealed by caulking after galvanizing to prevent 
ingress of moisture and resulting activation of any trapped acid. The backing ring should 
not be tack-welded to the tube, as premature fatigue cracking from tack welds can limit 
fatigue performance of the connection. Grinding of tack welds in these thin tubular 
structures is discouraged. 
2.15 Fatigue Resistance of Stiffened Tube-to-transverse Plate Fillet-welded 
Connections 
Fatigue test results of optimized stiffened fillet-welded tube-to-transverse plate 
connections tested in this research are presented in Figure 92. These connections had a 
GSCF of 2.3 and exhibited a fatigue resistance of AASHTO Category E in the finite life 
region. The NSCF for these connections is 5.3. None of the connections developed fatigue 
cracking when tested at or below 7.0 ksi (48 MPa), the CAFT of AASHTO Category D. 
The fatigue resistance of the stiffened tube-to-transverse plate fillet-welded connections 
for crack growth at the stiffener termination is defined accordingly.  
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3 FATIGUE RESISTANCE EVALUATION USING LOCAL STRESS 
APPROACH 
Analytical assessment for tube-to-transverse plate welded connection is needed 
for evaluating fatigue performance of subject connection details. This chapter will review 
available local stress approach incorporated in design guidelines/specifications and 
proposed by other researchers. All proposed local stress approaches are carefully reviewed 
and evaluated for the applicability to the subject connections. All available fatigue test data 
was used to assess validity of each local stress approach.  
3.1 Review of Local Stress Approach for Welded Tubular Connections 
Due to the dominance of the local bending at the tubular welded connection under 
axial or bending loading, it was well known that the local stress condition adjacent to the 
weld toe is critical for tubular welded connection design instead of nominal stress. 
According to DEn (1984), the definition of the geometric stress (often called hot spot stress 
or structural stress) used for fatigue design was not clearly defined in the earlier stage of 
fatigue design based on local stress approach. For example, AWS Structural Weld Code 
D1.1 (1980) used the definition 'the total range of worst hot spot (geometric) stress or strain 
on the outside surface of intersecting members at the toe of the weld joining them measured 
after shakedown in model or prototype connection, or calculated with best available 
theory'. API RP 2A (1980) defined the geometric stress as 'hot spot (geometric) strain range 
may be defined as that which would be measured by a strain gauge element adjacent to and 
perpendicular to the toe of the weld after stable strain cycles have been achieved'. Since 
there was no specific definition how to evaluate geometric stress, the geometric stress was 
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measured in various ways in different studies. In some studies, strain gauges were installed 
as close as possible, whereas some studies installed two strain gauges adjacent to the weld 
toe and extrapolated the stresses to the weld toe to determine the geometric stress. In the 
commentary of API RP 2A (1980), it was noted that the X curve was determined by placing 
strain gauges within 6 mm to  0.1√(rt) of the weld toe with a gauge length of 3 mm and 
oriented perpendicular to the weld toe, where r and t are the outside radius and thickness 
of the member instrumented. Thus, API did not explicitly defined the strain gauge location 
for evaluating geometric stress, but indirectly recommended the location and the gauge 
length for measuring geometric stress.  
As a part of UK Offshore Steel Research Project (UKOSRP), Clayton and Irvine 
(1978) discretized three main types of the stresses in tubular connections and its regions. It 
was provisionally found that the region where the effect of the weld notch was dominant 
was from weld toe to 0.15√(rt) from the weld toe. Subsequently, Irvine (1981) finalized 
the region affected by weld notch as 0.2√(rt). The extrapolation points for determining 
geometric stress was defined in terms of √(rt), and those were 0.2√(rt) or 4 mm (whichever 
is greater) and 0.65√(rt) for brace saddle and crown, 0.2√(rt) or 4 mm (whichever is greater) 
and 5° of arc for chord saddle, and 0.2√(rt) or 4 mm (whichever is greater) and 0.4(rtRT)0.25 
for chord crown. Here, r and t were the outside radius and thickness of the brace and R and 
T were the outside radius and the thickness of the chord, respectively. This geometric stress 
definition is still used for tubular welded connection design (ABS 2003; IIW 2000). IIW 
adopted Gurney's recommendation (Gurney 1979b) on the maximum distance of the region 
affected by the weld notch. Thus, the distance of the first extrapolation point is 0.4T, where 
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the T is the thickness of the corresponding member. Other than this, rest of the definitions 
is still the same.  
As the stress (or strain) measuring locations for determining geometric stress, 
fatigue design curve revised accordingly. As per API(1980) and AWS D1.1 (1980), the X 
curve used for fatigue design using geometric stress had slope of m = ‒4.3 and passed 14.5 
ksi (100 MPa) at 2 million cycles. It was determined based on the fatigue testing of 
relatively smaller size specimens. This curve was identical to the C curve which only 
considered weld toe condition of the butt weld. The C curve was not the same as current 
AASHTO fatigue Category C curve. This curve provided roughly 95% of survival (5% of 
failure probability) based on fatigue test data in low cycle range (less than 2 million cycles), 
but the probability of survival in the high cycle range (over 2 million cycles) was not 
verified due to little fatigue test data in this range. Although little fatigue test data available, 
fatigue threshold was not defined and the curve was extended to high cycle range 
considering severe notch condition and actively corrosive environment. 
Under UKOSRP, large number of fatigue test for tubular welded connection was 
conducted and fatigue design curve was developed based on the fatigue test results (DEn 
1984). There were some restrictions applied for developing the design curve. Specimens 
having thickness greater than 5/8 in. (16 mm), which were commonly used for offshore 
structures, were considered. As such, the earlier works conducted in the U.S. industries 
was neglected, because those used small scale specimens. The thickness range of the 
specimens was between 5/8 in. (16 mm) and 215/16 in. (75 mm), but mostly, 5/8 in. (16 mm) 
and 11/4 in. (32 mm) thick specimens were tested. The fatigue design curve developed from 
this study had a slope of m = ‒3 and passed 2 million cycles at 13.1 ksi (90 MPa) geometric 
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stress range in low cycle range (below ten million cycles) and changed its slope into m = ‒
5 in high cycle range (over ten million cycles) for the reference tube thickness of 11/4 in. 
(32 mm). This curve for reference tube thickness in low cycle range is identical to the 
fatigue design curve of AASHTO fatigue Category C or FAT 90 curve of IIW. This curve 
also provides 95% of survival in low cycle range and no fatigue test was conducted in high 
cycles range. Similar to the geometric stress definition, fatigue design curves in all 
specification and recommendation in offshore industry were revised based on the design 
curve proposed by UKOSRP (ABS 2003; API 2000; AWS 2010; DNV 2012; IIW 2000). 
There are minor changes in their design curves, but all provides same fatigue resistance for 
the tube thickness of 11/4 in. (32 mm), which was the reference thickness of UKOSRP 
study. In addition, this study investigated on the influence of the tube thickness. From the 
fatigue testing of specimens having various thicknesses, it was found that thickness of tubes 
definitely influence the fatigue performance. As such, thickness correction factor was 
defined and incorporated in fatigue design.  
In the following sections, several noticeable studies that influenced fatigue design 
using local stress approach will be presented. 
3.1.1 Clayton and Irvine (1978) 
Clayton and Irvine examined advantages and disadvantages of several stress 
analysis methods for tubular connections for offshore structures as part of the UK Offshore 
Steel Research Project (UKOSRP) with particular attention to the differences in the 
definitions of the peak stress that is of primary interest for this dissertation. The study 
consisted of: static test of full-size and small size welded tubular joints with strain gauges; 
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static test of acrylic models with strain gauges; analyses of these joint models by finite 
element model using isoparametric thin shell element developed by Irons; and photoelastic 
study of the effect of weld profiles. 
Based on the evaluation of a large amount of data on stress analysis of tubular 
joints subjected to axial load, in-plane bending, and out-of-plane bending cases, Clayton 
and Irvine discretized three main types of the stresses in tubular connections: the basic 
structural responses under the applied load or nominal stresses, the stresses arising out of 
the need to maintain compatibility in deformation between the tubes or geometric stresses, 
and highly localized deformation in part of the tube wall adjacent to the weld notch or 
notch stresses. In addition, the bending of the tube walls at the connection to maintain 
compatibility also introduced an irregular distribution of the nominal membrane stresses 
around the circumference of the loaded tube. 
Variation of the geometric stresses in the tubes were found to be a function of 
√(rt), where r and t were the radius and the diameter of the respective tubular member (a 
brace or a chord). The stress due to reverse bending of the brace wall (geometric stress) 
decayed fairly linearly in an axial direction on the brace for a distance of 0.8√(rt), which 
subsequently recovered to becomes negligible at about 5√(rt). In the chord, it was difficult 
to identify the region of linear decay in stresses; however, over about 5° of arc the stresses 
were fairly linear. The irregular distribution of membrane stresses exhibited a slower 
recovery and took about three braced diameter to disappear. 
Notch stresses were described as localized three dimensional stresses, and were 
attributed to finite thickness of the tube walls. Based on a wide range parametric study, it 
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was suggested that the notch stress region was also apparently related to √(rt). A 
provisional value of 0.15√(rt) was suggested for T joionts. 
The study recognized the difficulty in locating the strain gauges near the welded 
connections such that the gauges are neither too close to be influenced by the weld notch 
nor too far to be beyond the linearly decaying region of the geometric stress. It was also 
recognized that the welds tend to act as stiffener to the tube wall, the effective length 
depending on the weld profile. For a straight-sided weld about half the leg length was 
deemed effective for stiffening against bending. Accordingly, for models without welds it 
was suggested to move the stress profile on the tube surface such that the peak of the model 
results occurred on the weld at a distance of the effectively stiffened length from the 
nominal welded connection to the tube, for obtaining the required stress at the weld toe. 
The FE models using thin shells were deemed to be the least accurate with the 
elements lying on the mid-surface of the tube wall, and the stresses obtained at the surface 
by superposing membrane and the bending components. To obtain a better correlation with 
the measured weld toe notch stress, it was provisionally suggested to shift the FEA results 
on the brace such that the stress peaks at 0.15√(rt) inside the chord. Most of the FEA for 
UKOSRP was performed using a standard mesh size having a minimum element dimension 
at the brace/chord intersections of approximately 0.75√(rt). The loss of accuracy using a 
coarser mesh outweighed the savings in the computational cost. 
The study by Clayton and Irvine provided a valuable understanding into the 
different types of stress responses at tubular joints. To the knowledge of the author, this is 
the first and only study that presents some insight into the basis for the reference stress 
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locations recommended in any many specifications and design guides for offshore and 
tubular structures. 
3.1.2 Gurney (1979b) 
Gurney compiled all available investigation of the fatigue behavior of the welded 
structure into this book. It also included the most important developments in fatigue 
research area at the time of the publication, which were the advent of fracture mechanics 
into the fatigue field and exploitation of oil and gas offshore using the form of welded 
tubular structures.  
A chapter was assigned for tubular welded connections for presenting all existing 
design methodologies and findings on the tubular welded structures. Gurney found that the 
stress concentration due to weld only exists in a region within approximately 0.35T from 
weld toe, where T is the member thickness, from FEA of simple fillet welded joints in 
plates. It indicated that the region of the notch stress is relevant to the thickness of the plate 
and the nearest strain gauge should be minimum distance away from the weld toe. As it 
was indicated, Clayton and Irvine (1978) also proposed the maximum distance of the weld 
effecting region. The maximum distances were calibrated further and finalized the 
distances as 0.4T and 0.2√(rt), respectively (Irvine 1981). Here, T was the thickness of the 
chord, and r and t were the brace outside radius and thickness respectively. According to 
HSE (1997), Wardenier (1982) found that Gurney's method described the notch stress 
region better than Clayton and Irvine's method. 
 95 
 
 
As another noticeable achievement, the thickness correction factor (often called 
as Gurney rule) incorporating the effect of thickness on the fatigue performance was 
developed in the form of: 
0.25
B
B
t
S S
t
 =  
 
 (2) 
where, S is the fatigue strength of the joint under consideration, t is the thickness of the 
member, SB is the fatigue strength of the joint using the basic S-N curve, and tB is the 
thickness corresponding to the basic S-N curve. Same factor was applied to the welded 
connection details in plated structures afterward. This correction factor is still widely 
adopted by many other fatigue design provisions (ABS 2003; API 2000; AWS 2010; DNV 
2012; IIW 2000). However, this correction factor might not be applicable to the fatigue 
design of tube-to-transverse plate welded connection in traffic sign, signal, and high level 
luminaire support structures, because the correction factor was calibrated by the fatigue 
testing of relatively thick tubular welded structures. For example, the minimum thickness 
could apply thickness correction factor in API (2000) is 5/8 in. (16 mm). The minimum 
thickness in IIW (2000), ABS (2003), and DNV (2012) are 0.16 in. (4 mm), 7/8 in. (22 mm), 
and 11/4 in. (32 mm), respectively. These minimum thicknesses are relatively thicker than 
the tube thickness used in subject structures. Thus, it is questionable that the thickness 
correction factor could be applied to the fatigue design in subject structures.  
3.1.3 Irvine (1981) 
Irvine further continued the work done by Clayton and Irvine (1978). As a result, 
the maximum distance of the region where notch or weld geometry is dominant was 
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finalized as 0.2√(rt), where r and t were the outer radius and thickness of the brace. 
Moreover, geometric stress was first defined in terms of √(rt) (Figure 93). It is exactly 
identical to the current geometric stress definition by ABS (2003). Compared to the 
geometric stress definition by IIW (2000), the distance of the second extrapolation point is 
same but the first point is not the same. IIW adopted Gurney's minimum distance for the 
first point.  
3.1.4 Department of Energy in UK (DEn 1984) 
This report reviewed the data on the fatigue performance of steel welded joints 
produced by UKOSRP and other studies done in Europe. Recommendations were made on 
the fatigue design of steel welded connections in offshore structures. This study produced 
valuable accomplishments that completely revise the fatigue design provisions for tubular 
welded connections. 
Definition of geometric stress that specified stress (or strain) measuring location 
was established by this study. Detail description was already discussed in the previous 
section on Clayton and Irvine (1978) and Irvine (1981). Hence, it will not be repeated.  
Fatigue design curve was developed using fatigue test data of tubular welded 
connections using full scale specimens having tube thickness between 5/8 in. (16 mm) and 
215/16 in. (75 mm). As such, fatigue test results obtained from small scale specimens, which 
were conducted by U.S. industries, were not included. Out of 64 specimens, 38 specimens 
had tube thickness of 5/8 in. (16 mm) and 16 specimens had tube thickness of 11/4 in. (32 
mm). Statistical analyses were conducted for the fatigue test results of those two 
thicknesses. The slopes of fatigue test data sets were m = ‒2.919, ‒3.313, and ‒2.767 for 
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tube thicknesses of 5/8 in. (16 mm), 11/4 in. (32 mm), and both thicknesses, respectively. As 
a result, slope of design curve was fixed at m = ‒3.0. Means and standard deviations for 
each thickness were calculated using predetermined slope. It was found that fatigue 
resistance of 11/4 in. (32 mm) was lower and the scatter of 5/8 in. (16 mm) was greater. To 
be in safe side, design curve was determined using mean of 11/4 in. (32 mm) data and 
standard deviation of 5/8 in. (16 mm) data. Therefore, the fatigue design curve was defined 
as the mean of 11/4 in. (32 mm) minus two standard deviations of 5/8 in. (16 mm) data for 
tube thickness of 11/4 in. (32 mm). The slope of this curve changed into m = ‒5.0 at ten 
million cycles instead of having flat fatigue threshold in high cycle range. The region 
having slope of m = ‒3.0 is identical to current AASHTO fatigue Category C curve and 
FAT 90 of IIW.  
Influence of tube thickness in fatigue performance was clearly presented. Fatigue 
test results of 215/16 in. (75 mm) thick specimens presented lower fatigue resistance than 
the fatigue design curve for 11/4 in. (32 mm). As such, thickness correction factor was 
defined as same as Equation 2. It was successfully provided conservative fatigue resistance 
compared to fatigue test results of various thickness tubular welded connections. 
3.1.5 Dong (2001) 
Dong proposed a geometric stress technique for welded joints based on local 
normal stresses at weld toe. This approach was claimed that it was mesh insensitive, so that 
mesh refinement was not required for the stress evaluation. A typical through-thickness 
stress distribution at a fatigue- critical location and the corresponding structural stress 
definition at the weld toe section are shown in Figure 94. The normal and shear stresses 
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[σ(y) and σ(y) respectively] distribution at the weld toe section is assumed as shown in 
Figure 94 (a). The thickness of the member is represented as t in the figure. Corresponding 
statically equivalent structural stress distribution is illustrated in Figure 94 (b) in the form 
of membrane component, σm, and bending component, σb, consistent with elementary 
structural mechanics definitions: 
bms σ+σ=σ  (3) 
The normal structural stress (σs) is defined at section A-A in Figure 95, which is 
the section at the weld toe. A second reference plane can be defined along Section B-B, 
along which both local and shear stresses can be directly obtained from a finite element 
analysis. The distance, δ, represents the distance between Sections A-A and B-B in the 
longitudinal direction. By imposing equilibrium conditions between Sections A-A and B-
B, the structural stress components σm and σb must satisfy the following conditions: 
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Equation 4 represents the force balances in x direction, and Equation 5 represents 
moment balances with respect to Section A-A at y = 0. The last integral term on the right-
hand side of Equation 5 represents the transverse shear force and the distance, δ, becomes 
an important component of the structural stress definition if shear is not negligible. It then 
follows that if the element size, δ, is very small or transverse shear is negligible, the integral 
representations of σm and σb in Equations 4 and 5 can be directly evaluated at Section A-A 
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in Figure 95 from the finite element solution. According to Radaj (2006), neglecting shear 
component may lead to inaccuracies in some cases.  
To determine the fatigue performance for the structural stress, a 'master S-N curve' 
is applied that contains a special structural stress parameter, equivalent structural stress 
range, ∆Ss. The equivalent structural stress range is derived from the structural stress range, 
∆σs, combined with the crack growth based modification: 
( ) ( )
2 1
2
m
m m
s s rS t I r
− −
∆ = ∆σ   (6) 
where, t is a relative thickness, with respect to a unit thickness (tr = t/1 mm), m is the 
exponent m in the Paris equation, and an integral I(r) is a dimensionless function of the 
ratio r = σb/(σ m + σb). Basically, Equation 6 is a thickness correction factor associated with 
an additional load (or boundary) correction factor. Dong et al. (2007) collected about 800 
fatigue test results of various type of welded connection detail under various loading cases. 
Each test data were plotted with the equivalent structural stress range (∆Ss). It was claimed 
that the scatter in the fatigue test data with the equivalent structural stress demonstrated 
significant smaller. The master S-N curve was expressed as: 
h
sS C N∆ = ×  (7) 
where C is a constant and h denotes the slope of the curve in log-log plot. The values of 
the parameters are presented in Table 7. The master S-N curve is plotted with the AASHTO 
Category E curve in Figure 96 for comparison purpose even though the stress range 
parameters for both curves are different. Both curves are plotted with its lower bound, mean, 
and upper bound. The lower bound and upper bound are determined by the predicted lives 
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are based on a 95% confidence limit on the 95% probability of survival or 95% of failure. 
Thus, the width between the lower and upper bound shows the scatter of the data set. 
Definitely the scatter in the master S-N curve is larger than the AASHTO Category E curve. 
3.1.6 Xiao and Yamada (2003) 
Xiao and Yamada comprehensively studied deformation and stress behavior of 
normal stiffener, ring-strengthened, and U-stiffener type tube-to-bases plate connection 
details (post structures) with 3D FEA analysis. Fatigue performances of each type of 
connection details were evaluated based on conventional geometric stress approach and 
one millimeter stress approach using available fatigue test data.  
Among various geometric stress technique, Xiao and Yamada used the geometric 
stress technique recommended by IIW (1996). IIW recommended two different geometric 
stress methods, one for general welded connections (IIW 1996) and another one 
particularly for tubular welded connections (IIW 2000). Even though IIW provided the 
geometric stress method for tubular connections, Xiao and Yamada did not adopt the 
geometric stress method for tubular welded connection, and no explanation was provided 
in the text. Using the geometric stress definition for non-tubular structure, it was 
determined by linearly extrapolating maximum principal stresses from two extrapolation 
points, where 0.4t and 1.0t from the weld toe. t is the thickness of the member. 
One-millimeter stress approach was also adopted for evaluating subject 
connection details. This approach was based on the concept that the local effect of the weld 
profile was limited within 1 mm from the weld toe through the thickness of the plate. 
Therefore, the stress at this location could be taken as an indicator for geometric effect of 
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the connection detail. The fatigue resistance curve for 1 mm stress was determined by the 
test data of non-load carrying fillet welded cruciform joint detail. JSSC Category D curve, 
which is identical to the FAT 100 (100 MPa at two million cycles) of IIW, provided 
consistent lower bound fatigue performance using 1 mm stress.  
Eight-node solid element was used for FEA. At the stiffener termination region, 
where was expected as the most critical, weld toe was modeled with zero-radius, and the 
mesh size was set at 1×1×1 mm. Away from the weld toe, five rows of 1 mm, and next five 
rows of 2 mm long elements were meshed. Compared to other geometric stress techniques, 
mesh size of 1×1×1 mm, which leads to have number of elements through thickness, is 
very small that may require expensive computational cost. On the other hand, IIW (1996) 
recommends having only one element through thickness, and it could save computational 
cost much compared to 1 mm approach.  
Fatigue test result of normal stiffener and U-stiffener type tube-to-base connection 
was used for verifying applicability of 1 mm stress approach and conventional geometric 
stress approach for subject connection details. The results showed that fatigue live 
evaluation using 1 mm stress gave good agreement for normal stiffener type, but it under-
estimated the fatigue life for U-stiffener type connection. Conventional geometric stress 
approach provided excessive underestimated fatigue life for both normal stiffener and U-
stiffener type connections. However, if the thickness correction factor was applied to the 
geometric stress, corrected geometric stress and 1 mm stress were consistent. Thus, the 
corrected conventional geometric stress provided good agreement with normal stiffener 
type connection and underestimated the fatigue life of U-stiffener type connection. The 
comparison between two methods shows that 1 mm stress approach does not requires 
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thickness correction for fatigue life estimation. Moreover, other connection details for 
tubular structures were not investigated for 1 mm stress approach and the applicability of 
1 mm stress approach is not verified yet. 
3.1.7 Roy and Fisher (2005) 
Enhancement in fatigue performance of welded connections by Ultrasonic Impact 
Treatment (UIT) was evaluated in full-scale specimens having nominal yield strength of 
50 ksi (345 MPa) to 100 ksi (689 MPa). Eighteen rolled-beam specimen having welded 
details at cover plates and transverse stiffeners and eight built-up specimens having only 
transverse stiffener details were fatigue tested after UIT treatment. A partial factorial 
experiment was conducted at various levels of stress ranges between 7.5 ksi (52 MPa) and 
29 ksi (200 MPa), and at various levels of minimum stress, resulting in stress ratios not 
exceeding 0.6.  
Test results indicated that UIT enhanced the fatigue performance of all treated 
details by improving the weld toe profile, changing microstructure, and introducing 
beneficial compressive residual stresses at the treated region. The treatment effectively 
elevated the fatigue threshold without changing the slope of the S-N curve in finite life 
region. The enhancement in fatigue strength was dependent on the stress ratio. Especially, 
the enhancement of UIT on lower minimum stress and lower stress range were significant. 
The fatigue strength of as-welded cover plate end detail (AASHTO Category E´) may be 
enhanced by UIT up to Categories D and B for finite and infinite life region respectively 
for the stress ratio less than 0.1. For the stress ratio between 0.1 and 0.5, it may be improved 
by UIT up to Categories E and C for finite and infinite life region, respectively. The fatigue 
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strength of as-welded transverse stiffener detail (AASHTO Category C´) may be enhanced 
by UIT up to Category B in infinite life region. No improvement was observed in finite life 
region.  
The fatigue performance enhancement by UIT was substantiated analytically 
using simplified stress-life approach (Smith et al. 1970). Roy and Fisher developed an 
equation represents fatigue threshold of a detail in terms of stress ratio, fatigue notch factor, 
and endurance limit.  
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where, R denotes stress ratio of applied nominal stress, Kf denotes the fatigue notch factor, 
σR denotes residual stress at the weld toe, and Sf denotes the endurance limit of the material. 
The fatigue notch factor was determined by the theoretical stress concentration factor at 
the weld notch (Kt), notch radius (r), and material parameter (a) as follows (Peterson 
1959a). 
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FEA model was developed to obtain theoretical stress concentration factor with the notch 
root radius of 0.04 in. (1 mm) for as-welded condition and 0.12 in. (3 mm) for UIT treated 
condition. In case of compressive residual stress equal to the yield stress at the treated weld 
notch, Equation 8 is valid for the stress ratio between zero and one, so that an elastic 
condition is maintained at the notch root. The estimated fatigue threshold of UIT treated 
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cover plate details substantiated the recommended values of fatigue threshold for stress 
ratios of 0.1 and 0.5, respectively. 
3.2 Local Stress Approach in Recommendations and Specifications 
3.2.1 API Recommended Practice (2000) 
API RP 2A-WSD: Recommended Practice for Planning, Designing and 
Constructing Fixed Offshore Platforms — Working Stress Design, recommends using local 
stress for fatigue performance evaluation of tubular connections. As a local stress, 
geometric stress range is considered. The basis of this concept is to capture a stress in the 
proximity of the weld toes, which characterizes the fatigue life of the joints. The geometric 
stress range should include all stress raising effects associated with the joint geometry and 
type of loading. However, geometric stress range excludes the very local (microscopic) 
weld notch effects, such as undercut, sharp notch, and micro-discontinuity at the weld toe. 
The local weld notch effect is reflected in the S-N curve.  
Instead of evaluating geometric stress range directly, the Stress Concentration 
Factor (SCF), which is defined as a ratio of geometric stress range divided by nominal 
stress range, is calculated for evaluating geometric stress range. For unstiffened welded 
tubular joints, SCFs are evaluated using the Efthymiou equations provided in the 
commentary. When SCFs are derived from FEA, it is recommended to use volume 
elements (brick or thick shell) to represent weld region and adjoining shell. In such models, 
geometric stress range is determined by extrapolating stress components to the weld toe 
and obtaining maximum principal stress from the extrapolated stress components as the 
geometric stress range. However, extrapolation points are not specified. 
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The fatigue resistance curve for welded joints using geometric stress is provided 
as follows.  
1log log( ) logN k m S= −   (10) 
It is a bilinear curve, which changes its slope at 107 cycles. This curve also does not have 
endurance limit (fatigue limit). The factors are given in Table 8. This curve having slope 
of m=3 was developed based on the 5/8 in. (16 mm) reference thickness. Thus, it is identical 
to the S-N curve for the thickness of 16 mm, which IIW recommended. For the member 
having thickness thicker than the reference thickness, the following thickness correction is 
applied. 
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where, S is allowable stress range, So is the allowable stress range from the S-N curve, tref 
is the reference thickness (5/8 in. or 16 mm), and t is the member thickness for which the 
fatigue life is predicted. For member thickness than 5/8 in. (16 mm), correction factor is not 
applied. 
3.2.2 IIW Recommendations (2000) 
This recommendation provides fatigue design guide for directly welded, 
unstiffened, nodal joints between structural hollow steel hollow sections in planar or multi-
planar truss type structural systems. Hollow sections of circular or square shape under 
fatigue loading are considered. This recommendation does not deal with the tube-to-
transverse plate welded connection, but the fatigue performance evaluation for the brace 
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member of the bracing system can be adopted due to analogy in geometry. Due to the same 
reason, only Circular Hollow Section (CHS) is considered because Rectangular Hollow 
Section (RHS) is seldom used for highway traffic sign, signal, and high level luminaire 
support structures. The recommendation represents a current consensus of international 
"best practice", with the fatigue design procedure being based on the geometric stress 
approach.  
This recommendation is separated into two parts—recommendation and 
commentary. In recommendation, number of equations and chart for determining stress 
concentration factor for various different types of connection geometry. The stress 
concentration factor is the ratio between the geometric stress at the joint and the nominal 
stress in the member due to a basic member load which caused this geometric stress. The 
geometric stress is determined at the geometric which is the point along the weld toe where 
the extrapolated principal stress has its maximum value. Extrapolating region is carried out 
from the region where the stress gradient caused by the global geometrical effect of the 
connection, but not influenced by the weld geometry and weld discontinuities at the weld 
toe. The maximum and minimum boundaries of extrapolation for chord or brace member 
are shown in Figure 97 and Table 9. It depends on the dimensions of the brace member, 
such as radius (r1) and thickness (t1) of bracing. Extrapolation points must be positioned in 
such a way that stress gradients due to the global geometry effects are represented. For 
CHS, it is recommended to use linear extrapolation method since the gradient is nearly 
linear. 
Fatigue resistance curves are defined based on the the reference Srhs-N curves and 
thickness correction factors. Here, Srhs denotes the geometric stress range. The reference 
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Srhs-N curve is equivalent to Eurocode 3 Class 114. The curves are only applicable to CHS 
joints with thickness between 0.16 in. (4 mm) and 2.0 in. (50 mm) and RHS joints with 
thickness between 0.16 in. (4 mm) and 0.63 in. (16 mm) (Table 10). 
3.2.3 ABS Guide (2003) 
The ABS Guide for the Fatigue Assessment of Offshore Structures provides two 
basic approaches for fatigue performance evaluation — S-N approach and fracture 
mechanics approach. Recognizing the dominance and wide application of S-N approach, 
fracture mechanics approach is often used for limited cases, which fracture mechanics 
approach can be the only methodology to resolve the problem. For example, fracture 
mechanics approach has particular application in studies concerning acceptable or 
minimum detectable flaw size in weld or crack growth prediction. For tubular joints, 
fatigue performance assessment is typically performed on a geometric stress basis, using 
S-N curves that apply to this purpose. 
The geometric stress defined by the ABS Guide is the surface stress at the 
geometric which the stress variation caused by the weld configuration is not included, but 
overall effect of the connection geometry is represented In general, it is preferred to 
determine geometric stress using parametric SCF equations for tubular welded connection.  
Determining geometric stress using FEA is recommended when appropriate 
parametric equation is not available. For FEA, ABS Guide recommended using linear 
elastic quadrilateral plate or shell elements with the mesh created at the mid-level of the 
plate and the weld profile itself is not represented in the model. Solid brick elements can 
be used if modeling of the weld profile is necessary. The use of triangular elements should 
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be avoided in the hot spot region. The element size at the hot spot location should be 
approximately t×t, where t is the thickness of the member. Ideally, an aspect ratio of 1:1 
immediately adjacent to the hot spot location should be used. Away from the hot spot 
region, the aspect ratio should be ideally limited to 1:3, and any element exceeding this 
ratio should be well away from the area of interest and should not exceed 1:5. The corner 
angles of the quadrilateral plate or shell elements should be confined to the range 50 to 130 
degrees. The change in mesh size from the finest at the hot spot to coarser gradations away 
from the hot spot region should be accomplished in a smooth and uniform fashion. 
Immediately adjacent to the hot spot several of the elements leading into the hot spot 
location should be the same size. Geometric stress can be determined by two steps. First 
step is linearly extrapolating stress components from two extrapolation points to the weld 
toe. The stress components are typically the two orthogonal local coordinate normal 
stresses and the corresponding shear stress. Second step is computing maximum principal 
stress as the geometric stress using extrapolated stresses. The extrapolation points in chord 
and brace are tabulated in Table 11. 
ABS T curve is recommended for use with geometric stress for tubular welded 
joints. It is a bilinear curve which changes its slope at 107 cycles. The relationship between 
number of cycles to failure (N) and stress range (S) for N less than 107 cycles is: 
log log logN A m S= −  (12) 
where, the parameter A is the fatigue strength coefficient and the parameter m is the fatigue 
strength exponent. The values of the parameters for ABS T curve are tabulated in Table 12. 
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Given T curve is valid for the thickness up to 7/8 in. (22 mm). For the member 
thickness greater than 7/8 in. (22 mm), the thickness correction is applied with the reference 
thickness (tR) of 11/4 in. (32 mm).  
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where, S is unmodified stress range in the S-N curve and t is the thickness of the member 
under assessment.  
3.2.4 CEN (2005) 
The Eurocode 3: Design of steel structure — Part 1-9: Fatigue provides 
provisions for assessing fatigue performance based on both nominal stress and geometric 
stress. For tube-to-transverse plate welded connection detail, fatigue resistance for only 
fillet-welded connection based on nominal stress is provided. Other details such as groove-
welded connection or stiffened connection are not included. For tube-to-transverse plate 
fillet-welded connection, nominal stress is calculated at the weld toe section in tube, and 
the fatigue resistance curve of Category 40 is recommended to use. The Category 40 is 
equivalent to the AASHTO fatigue Category E´ for 5 million cycles or lower. Between 5 
million cycles to 8 million cycles, the slope of the curve becomes 5, and the curve becomes 
flat after 8 million cycles. However, geometric stress method in Eurocode is not applicable 
for all details, but applicable for limited cases, such as cracking initiated from the toes of 
fillet welded attachments or the toes of fillet welded in cruciform joints. Thus, no geometric 
stress method is provided for tube-to-transverse plate welded connections.  
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3.2.5 DNV Recommended Practice (2012) 
DNV Recommended Practice DNV-RP-C203: Fatigue Design of Offshore Steel 
Structures provides two methods of fatigue analysis based S-N data and based on fracture 
mechanics. Two types of S-N curves are defined — nominal stress S-N curve and 
geometric stress S-N curve. While use of either S-N curves are suggested for plated 
structures, only the hot spot S-N curve is recommended for the tubular joints involving 
tubular welded connections. 
For tubular joints, analysis based on thick shell elements without including the 
weld in the model has been suggested. For more reliable results, however, use of three-
dimensional (brick) elements with welds included in the model is advised. It is 
recommended that, in this case, the Gaussian points (integration points) are placed at 
0.1√(rt) from the weld toe, where r and t are respectively the radius and thickness of the 
considered tubular member, and the maximum principal stress at this point be used directly 
in the fatigue assessment. For tubular welded connections, specific requirement for finite 
element modeling is not provided. From the current edition, determining geometric stress 
by linearly extrapolation was added. The extrapolation points are identical to those of ABS 
(2003) 
DNV T curve is available for designing tubular welded connection against 
geometric stress. In the range of the number of cycles less than ten million cycles, this 
curve is identical to the AASHTO Category C curve. At ten million cycles, the curve 
changes the slope into m = 5. Similar to other provisions, thickness correction factor should 
be applied if the thickness of the member is not 32 mm (tref = 32 mm).  
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where, ∆σo is the stress range in S-N curve and ∆σ is the stress range. 
3.3 Theoretical Background of Dependence of √(rt)  
According to the literature review, all provisions of the fatigue design for the 
tubular welded connections included the geometric stress as the design stress. The 
geometric stresses used in each provision are determined from the stress certain distance 
from the weld toe. The distances are defined as a parameter of √(rt), where r and t are the 
radius and the thickness of the tube. It is because the local bending stress near the welded 
connection can be characterized by the the parameter of √(rt). In this section, the 
dependence of √(rt) will be substantiated theoretically.  
In the tube-to-transverse plate welded connection, applied bending moment along 
the edge of the tube satisfying compatibility between the tube and the plate is not uniform. 
However, the solution for a long cylindrical shell (tube) subjected to a uniform bending 
moment (Mo) along the edge will be derived to prove the dependence of the √(rt) on the 
local bending stress (Figure 98). The governing equation of a circular cylindrical shell 
loaded symmetrically with respect to its axis was derived by Timoshenko and Woinowsky-
Krieger (1959).  
4
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where, ( )
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−
, E is the elastic modulus of the material, w is the displacement in 
transverse direction, r and t are the radius and the thickness of the tube, and Z is the internal 
pressure in the cylinder (Figure 98). 
Using the notation 
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Equation 15 can be represented in the simplified form 
4
4
4
( )
4 ( )
d w x Z
w x
dx D
+ β =  (17) 
The general solution of this equation is 
( ) ( )1 2 3 4( ) cos sin cos sin ( )x xw x e C x C x e C x C x f xβ −β= β + β + β + β +  (18) 
The constants, C1, C2, C3, and C4, and the particular solution f(x) are to be determined by 
the particular conditions at the boundary of the cylinder. From the given condition, a 
uniform bending moment, Mo, is applied at the x = 0, and the pressure in the shell is zero. 
The particular solution of Equation 17, f(x), is zero. It is obvious that the local bending due 
to applied moment dies out as the distance from the edge, x, increases. Thus, the first term 
in Equation 18 must vanish. As a result, C1 = C2 = 0, and we obtain 
( )3 4( ) cos sinxw x e C x C x−β= β + β  (19) 
From the applied loading condition, two constants can be determined. 
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Substituting the expression for w into Equation 20 yields 
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The final expression for w is 
( )2( ) cos sin2
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 (22) 
As it was mentioned earlier, the bending of the shell diminishes as βx becomes large 
indicating the region affected by the local bending is limited (Figure 99).  
The expression for the stresses due to the uniformly distributed moment along the 
edge can be derived from Equation 22. According to the general linear theory of thin elastic 
shell (Ventsel and Krauthammer 2001), the longitudinal stress on the outer surface can be 
expressed as follows. 
2 2
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where, Nx is the axial loading. Since there is no axial loading applied, above equation can 
be rewritten as follows. 
( )2 2
66 ( )
( )  = cos sinxox
MM x
x e x x
t t
−βσ = β − β  (24) 
 114 
 
 
The form of Equation 24 is identical Equation 22. Thus, the profile of the longitudinal 
stress would have same shape as shown in the Figure 99.  
Since the expression for the bending stress, Equation 24, is derived from the 
simplified model, applicability of the equation to the actual local tube bending at the 
welded connection is checked. Curve fitting using base model as Equation 24 is conducted 
with respect to the local stress obtained from FEA. The unity added to the Equation 24 
represents the nominal stress component in the model, because the Equation 24 only 
represents the stress occurred local bending moment. Figure 100 presents the comparison 
between FEA local stress measured from the weld toe and estimated local stress. FEA local 
stress is obtained from the analysis of a 72 in. tube fillet welded to a 2 in. transverse plate 
concentrated load applied at the tip of the tube vertical to the tube. The diameter and the 
thickness of the tube are 10 in. and 0.179 in., respectively. The local stresses are normalized 
by corresponding nominal stress and converted into stress concentration factor. The 
distance from the weld toe is also normalized by a factor √(rt). Curve fitting is done by 
least square curve fitting.  
There is slight difference shown at the valley of the curve, but the Equation 24 
generally fits well with the FEA stresses. The square of the correlation coefficient, which 
indicates how well the base equation fit the curve, is 0.985. It is very close to 1.0, which 
means perfect fit. Therefore, it can be concluded that Equation 24 represents well the local 
bending behavior at the tube-to-transverse plate connection and verifies the dependence of 
the parameter √(rt) in local bending stress.  
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3.4 Details of Finite Element Modeling 
Finite element analysis was used for assessing fatigue performance of a 
connection analytically. In this section, general description of FEA modeling commonly 
used for specimen modeling and parametric study modeling. Both FEA models of 
specimens and parametric study generally follow same protocol, such as bolt loading and 
meshing. The only difference is the configuration of models.  
3.4.1 Model Configuration 
For specimen modeling, FEA model was developed having exact configuration 
provided by the specimen drawings. Configuration of parametric study FEA models will 
be discussed in Section 4.4. 
3.4.2 Modeling Details 
The global model includes all components of a specimen, such as mast-arm, bolts, 
pole, handhole, gusset plates, washers, and all welds. Other than the components in a 
specimen, other parts included in the testing setup were simplified. For example, the 
foundation plate which the specimens were anchored was modeled as an analytically rigid 
plane. The fixture connecting between mast-arm tip and actuator/pulsator was modeled 
with a rigid bar. All welds were modeled as per nominal size indicated in the specimen 
drawing with zero notch radius at the weld toe. Typical specimen and parametric study 
FEA models are shown in Figures 101 and 102.  
For the level one sub-model of unstiffened tube-to-transverse plate connections, 
only the tube and transverse plate were considered including a tube length of 1.5 times the 
tube diameter above the top of transverse plate (Figure 103). The bolts and the loading 
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plate were removed from the model. For stiffened tube-to-transverse plate connections, 
bolts and loading plate were also removed and transverse plate and semicircular tube in 
tension side including a tube length of two times the stiffener height above the top of 
transverse plate were included (Figure 104). 
The level two sub-model of unstiffened tube-to-transverse plate connection 
contained only half of the tube on the tension side of the neutral axis, including the weld 
and part of transverse plate as shown in Figure 105. The height of the tube was only a half 
of the tube diameter. The level two sub-model of stiffened tube-to-transverse plate 
connection includes only the area near the stiffener termination. A 10° segment in 
perimeter and tube length of a stiffener height was modeled as shown in Figure 106.  
The level three sub-model of unstiffened connection was analyzed to determine 
notch stresses for evaluating the fatigue threshold. For this sub-model, a 10° segment of 
the tube and the weld was modeled as shown in Figure 107. A height of the tube equal to 
the weld height was modeled. The weld toe was rounded by 0.04 in. (1 mm) radius to obtain 
a converged finite stress at the weld notch. For the level three sub-model of stiffened tube-
to-transverse plate connection, a segment having tube length of two times the tube 
thickness above the weld toe and stiffener thickness below the weld toe was included 
(Figure 108). In width direction, only a stiffener thickness was modeled. Rounding of 0.04 
in. (1 mm) was also modeled at the weld notch. 
The interaction between the various parts of a specimen, such as transverse plate 
of a mast-arm and a pole, simplex plate of gusseted or ring stiffened box, washers, and 
bolts were modeled as rough hard contact that allowed interface stresses to be developed 
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and transferred when the parts were in contact with each other during deformation under 
load.  
The global-to-sub-model analysis employed solid-to-solid sub-modeling, where 
the local sub-model was driven by the displacement solution of global model at the 
interface.  
3.4.3 Material 
Widely accepted linear elastic material properties of steel were used for analysis. 
The modulus of elasticity and Poisson's ratio of steel were assumed respectively as 29000 
ksi and 0.3. Although all specimens were galvanized, it was not modeled because zinc 
coating does not affect structural behavior. Inelastic range of steel was not considered.  
3.4.4 Boundary Conditions 
For the specimen modeling, bottom of the anchor bolt was tied to the analytically 
rigid surface restraining all three coordinate directions. For the models for parametric study, 
displacements of the bottom of the anchor bolts were restrained in all three coordinate 
directions.  
3.4.5 Elements / Meshing 
All models meshed with 3D hexahedral (continuum) elements, incorporating 
twenty node, quadratic, reduced integration, isoparametric formulation. These are standard 
elements used for stress analysis. These elements, also known as serendipity elements, 
assume an incomplete quadratic polynomial as displacement and geometric shape 
functions resulting in linear strain and stress distributions. The element stiffness matrix is 
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formed by assuming a reduced number of Gauss integration points for better correlation of 
FE results with true solution. All elements in any models were limited to a maximum aspect 
ratio of 1:4. All elements were well shaped having corner angles between 30° and 150°. 
In global model, elements were well shaped and proportioned to avoid numerical 
instabilities and inaccuracy in solutions.  
In level one sub-model, a mesh size of t × t was used for at least three rows of 
elements in front of the weld toe in tubes, where t is the tube wall thickness. Two elements 
were used in the thickness direction (Figure 109).  
In level two sub-model, four elements were used through thickness direction. 
In level three sub-model, eight elements were used through thickness directions. 
Eight elements were assigned along the round weld notch (Figure 110).  
The mesh densities were determined based on mesh convergence test presented 
in Figure 111. In the figure, additional sub-model (level four) was added to verify whether 
converged stress obtained from level three sub-model. In level four sub-model, twelve 
elements were assigned. At a distance √(r×t) from weld toe, all levels of sub-models 
produced same stress validating mesh density of level one sub-model. The stresses at weld 
notch from level three and four sub-models were almost the same. Thus, eight element 
along the weld notch perimeter was enough to produce converged stress at the weld notch.  
3.5 Assessment of Local Stress Approach for Finite Life Fatigue Resistance  
The local stress based approaches considered for finite life assessment were 
geometric stress approach recommended by IIW, ABS, and DNV, Dong's method, and 
Yamada's 1 mm stress approach. The analytical predictions were verified using the fatigue 
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test results on full scale specimens. All the specimens tested under this study and tested by 
Koenigs et al. (2003), Ocel et al. (2006), and Stam et al. (2011) were modeled and analyzed. 
The specimens included various types of the tube-to-transverse plate welded connection 
details, such as fillet-weld connections, groove-weld connections, and stiffened 
connections. Detail information of these details was well described in their reports 
(Koenigs et al. 2003; Ocel et al. 2006; Roy et al. 2011; Stam et al. 2011). 
Geometric stresses that experienced fatigue cracking at the weld toe were 
determined from detailed linear Finite Element Analyses (FEA) of a three dimensional 
(3D) model of the connection. The FEA were conducted using the commercially available 
software ABAQUS (Dassault Systèmes 2011). Twenty node iso-parametric quadratic 
serendipity elements with reduced integration (C3D20R) were used. The analyses were 
performed in multi-levels. In the first model, a global model of the specimen including all 
components, such as welds, loading fixture, and bolts, was analyzed. In the first level of 
smaller local model (called submodel) of critically stressed areas were analyzed for the 
geometric stress assessment. The mesh density of t/2×t/2 with two layers of elements 
through thickness, where t is the thickness of a tube, was used. The second level of 
submodel contained only half of the tube on the tension side of the neutral axis, including 
the weld and part of the transverse plate. The mesh density of this submodel was t/4×t/4 
with four layers of elements through thickness. The third level of submodel was analyzed 
for Dong's method, and Yamada's 1 mm approach. For this submodel, 10° segment of the 
tube and the weld was modeled. 
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3.5.1 Geometric Stress Approach Recommended by IIW, ABS, and DNV 
The geometric stress approach recommended by IIW (2000), ABS (2003), and 
DNV (2012) were compared and evaluated. ABS and IIW recommend two point 
extrapolation, and DNV recommends one point measurement for the geometric stress 
evaluation. Details of extrapolation points, stress calculation procedures, and design curves 
are described in the previous chapter. Figures 112 to 116 presents maximum principal 
stress profile on the tension side of the outside tube wall. Schematically, it is shown that 
the geometric stress as per ABS was determined by extrapolating the maximum principal 
stresses from the extrapolation points. However, actual geometric stress calculation was 
done by their recommendation, which is calculating geometric stress at the weld toe by 
extrapolating all stress components at the extrapolation points. Near the weld toe region, 
the maximum principal stress is almost as same as the stress normal to the weld toe and its 
direction is almost normal to the weld toe. Thus, the geometric stress by ABS can be 
determined by simply extrapolating maximum principal stresses from the extrapolation 
points. Five examples presented in the figures were chosen from the FEA results of the 
tested specimens under this study. Details of the models are tabulated in Table 13. As it is 
shown in the table, the models were chosen from thin small diameter tubes to thick large 
diameter tubes. Moreover, various connection details, such as fillet- and groove-welded 
connections, stiffened connections, and various tube cross section were also selected for 
the comparison. Since the stresses are determined from different locations, the geometric 
stresses are not the same. However, the values are very close each other. Especially, the 
geometric stresses by ABS and DNV are almost the same except the case in Figure 114. 
The geometric stresses determined by IIW are generally about 10% higher. 
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The design curves using geometric stress from ABS, IIW, and DNV are shown in 
Figure 117. The both DNV and ABS T curves are identical to the AASHTO Category C 
curve, but change its slope at ten million cycles. Thickness correction has to be considered 
for the tube having thickness greater than 7/8 in. (22 mm). The tubes thicker than this 
thickness are seldom used for subject structures. Thus, the thickness correction is not 
considered. AASHTO Fatigue Category C curve is the design curve for the butt welded 
plate joint with weld reinforcement not removed under in-plane stress condition. 
Application of this curve for the assessment of fatigue performance using geometric stress 
is reasonable, because the Category C curve is the design curve for the fatigue cracking 
only associated with the weld toe condition without any geometric effect. On the other 
hand, IIW's design curve is defined in different way. Instead of having reference curve and 
applying thickness correction, the thickness correction is embedded in the curve definition 
(Table 10). In Figure 117, two extreme cases of the tube thicknesses (0.16 in. and 5/8 in.) 
are plotted. Both curves are higher than AASHTO Category C and DNV/ABS T curve. 
The design curve by IIW may provide optimistic fatigue performance.  
In Figures 118 to 120, available fatigue test results are plotted with geometric 
stresses. The fatigue test results included the fatigue tests conducted by Koenigs et al. 
(2003), Ocel et al. (2006), Stam et al. (2011), or this study. Various connection details 
including unstiffened fillet- and groove-welded connections and stiffened fillet-welded 
connection were considered. When the test results are plotted with ABS or DNV geometric 
stresses ABS/DNV T curve consistently estimates the lower bound fatigue life. The fatigue 
test results for thin tubular structure [tube thickness of 0.179 in. (4.5 mm) or 3/16 in. (4.8 
mm)] and thick tubular structure [tube thickness of 5/16 in. (7.9 mm)] are plotted to compare 
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how well the design curve estimate fatigue lives. As it is shown in the figure, the design 
curves for both thin and thick tubes did not show any correlation with the fatigue test 
results. AASHTO Category C curve even consistently provided lower bound estimate. It 
seems that the thickness correction for tube-to-transverse plate welded connection is not 
applicable.  
It was found that AASHTO fatigue C curve, which is identical to ABS/DNV T 
curve, is reliable for estimating fatigue performance. However, the scatter in the test data 
is significant. Due to the scatter, statistical analysis for determining lower bound may not 
have any value. According to the definition of the geometric stress, it should not be affected 
by weld or notch condition. However, weld condition may influence the stress condition 
near the weld toe in wider region. Unlike the offshore structures, the thickness of the tube 
in subject structure is not as thick as offshore structures. The fillet or groove welds in 
relatively thinner tube may work like a small stiffener. Thus, the measured geometric stress 
from the specimens may not as same as the geometric stress obtained from FEA if weld 
condition is different. In Figure 121, measured geometric stresses from three specimens 
and corresponding weld conditions are compared. . The geometric stresses were directly 
measured by reading strain gauge 0.16 in. (4 mm) from the weld toe. The figure shows that 
geometric stresses become significantly lower as the weld angle becomes shallower. 
Moreover, the measured geometric stresses were aligned along the AASHTO fatigue 
Category C curve. The fatigue test results which corresponding geometric stresses were 
experimental measured are plotted in Figure 122. It definitely shows that the scatter in the 
data set was reduced significantly. 
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3.5.2 Dong's Method 
Brief introduction for Dong's method was already done in the previous section. 
Figure 123 presents the example of typical the actual and linearized normal stress profile 
through the thickness of tube and structural stress. The actual stress distribution shows the 
high stress concentration near the weld toe and linearly decreasing as away from the weld 
toe. The slope of the linearized stress distribution was steeper than the slope of the actual 
stress distribution. The membrane and bending components of the linearized through 
thickness stress were 11.3 ksi (78 MPa) and 26.4 ksi (182 MPa), respectively. The 
structural stress was about 37.7 ksi (260 MPa) which is higher than the geometric stress 
approach. The structural stress of other specimens were also evaluated that the structural 
stresses were higher than the geometric stress about 10% to 20%.  
The well-known advantage of using Dong's method is that this method provides 
consistent structural stress irrespective to the mesh density at the critical location in the 
FEA model (Dong 2001). However, it is not valid for all cases. Poutiainen et al. (2004) 
conducted the comparative study on various geometric stress evaluation methods including 
linear extrapolation and Dong's method evaluating at two different locations—at the weld 
toe and at a certain distance away from the weld toe (considering δ term in Equation 5). It 
was found that the structural stress evaluated at a certain distance was sensitive to the 
distance δ. Moreover, not only the shear component having direction through the thickness 
of the member, remaining two shear components had to be considered to have mesh 
insensitive structural stress, because the moment caused by remaining two shear stresses 
also generates normal stress at the weld toe. When the structural stress was evaluated at the 
weld toe section, shear component was not necessary to determine the structural stress, 
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because the moment arm becomes zero. However, special care was need for calculating the 
normal stress at the weld toe. Instead of nodal averaging, which is common in many finite 
element analysis packages, only the element in front of the weld toe had to be considered 
for the structural stress evaluation to have mesh insensitive structural stress. Figure 124 
shows typical stress contour without nodal averaging near the weld toe. The stress contours 
near the weld toe in three elements which share weld toe node are very much different from 
each other, because nodal averaging was not conducted. It shows that the stress at the weld 
toe node in the Element (1) in Figure 124 is much larger than other two nodes. The notch 
effect only appears from the element in front of the weld toe [Element (1) in Figure 124].  
As it was mentioned in the previous chapter, Dong's method does not use 
conventional nominal or local stress based S-N curve approach, but uses a master curve for 
evaluating fatigue performance for any connection detail and loading case. The master 
curve is defined by Equations 6 and 7. The equations are combined and repeated for 
convenience. 
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The structural stress range (∆σs) is converted into the equivalent structural stress range (∆Ss) 
using thickness correction factor and crack growth based modification factor, I(r). The 
crack growth based modification factor can be obtained by conducting fracture mechanics 
analysis for a single edge notched specimen under the structural stress components 
(membrane and bending stresses) (Kang et al. 2007). Simplified form of I(r) was provided 
by Dong and Hong (2007). As it was discussed in the previous chapter, the scatter in the 
master S-N curve is quite larger compare to the AASHTO Category E curve. The fatigue 
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test results of this study are plotted against corresponding equivalent structural stress 
ranges. The upper and lower bounds of the master S-N curve are also plotted. It shows that 
applying equivalent structural stress range did not help reducing the scatter of the data. 
Moreover, many test data points are located below the lower bound of the master S-N curve. 
Therefore, it was not successful to estimate the lower bound fatigue resistance of the tube-
to-transverse plate welded connection details.  
Since the master S-N curve could not provide consistent lower bound estimated 
of the fatigue life, the fatigue test results plotted with corresponding structural stress range 
are compared with the AASHTO fatigue Category C curve. As per Nieme (1995), the 
structural stress and the geometric stresses are basically the same, because the structural 
stress can also captures the geometric effect without considering notch effect. If that is the 
case, AASHTO Category C curve may be used for assessing fatigue performance of tube-
to-transverse plate welded connection using structural stress. In Figure 126, the fatigue test 
results of this study are plotted with structural stress range. The results demonstrates that 
all data points are higher than AASHTO fatigue Category C curve and even higher than 
Category B curve except two data points. Similar to other local stress approaches, 
AASHTO fatigue Category C curve consistently estimates lower bound of the fatigue life 
of tube-to-transverse plate welded connections using structural stress. 
3.5.3 Yamada's 1 mm Stress Approach 
In Figure 123, the normal stress at 1 mm in depth from the weld toe was presented. 
It is clearly shown that the 1 mm stress was away from the effect of the weld notch as Xiao 
and Yamada expected. The value of 1 mm stress was about 21.7 ksi (150 MPa), which is 
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about 30% lower than the DNV geometric stress [29.9 ksi (206 MPa)]. When all available 
fatigue test data were plotted with respect to 1 mm stress ranges, many data points are 
lower than AASHTO fatigue Category C curve because the values of the 1 mm stress were 
consistently lower than the geometric stresses. However, the design curve that Xiao and 
Yamada recommended was JSSC fatigue Category D, which is identical to FAT 100 in 
IIW and Category B´ in AASHTO in finite life regime. This curve overestimates fatigue 
life comparing to AASHTO fatigue Category C. Therefore, the large number of fatigue test 
data plotted with 1 mm stress was lower than the design curve and assessing fatigue 
performance using 1 mm stress could lead to overestimating the fatigue performance of the 
tube-to-transverse plate welded connections.  
3.5.4 Protocol for Finite Life Fatigue Resistance Estimation 
Several local stress approaches for evaluating fatigue life of tube-to-transverse 
plate welded connection was evaluated. Except 1 mm stress, all geometric stresses provides 
lower bound estimate of the fatigue lives in finite life regime using AASHTO fatigue 
Category C curve (or ABS/DNV T curve). The geometric stress approach recommended 
by DNV (2012) is selected for geometric stress evaluation due to its simplicity. Other 
methods require extra post-processing to calculate the geometric stress, but DNV's 
geometric stress only requires the maximum principal stress 0.1√(rt) from the weld toe. 
Also, recommended design curve consistently provided lower bound estimate for various 
connection details and geometries.  
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3.6 Assessment of Local Stress Approach for Infinite Life Fatigue Resistance 
3.6.1 Applicability of Geometric stress for Infinite Life 
Geometric stress approach is calibrated to weld toe cracking and as such, is only 
applicable to finite life estimation. Figures 128 and 129 show fatigue test results obtained from 
this study, which presented infinite life, are plotted with respect to FEA and strain gauge 
measured geometric stress ranges of each data point. The range of FEA  and strain gauge 
measured geometric stress ranges is from 4.1 ksi (28 MPa) to 28.4 ksi (196 MPa) and from 3.8 
ksi (26 MPa) to 23.3 ksi (161 MPa), respectively. Specimens tested under wide range of 
geometric stress ranges presented infinite life, and there was no indication of having relation 
between geometric stress and infinite life. Therefore, it may be concluded that geometric stress 
could not be applied to evaluating infinite life fatigue performance. Since the geometric stress 
approach does not work for the assessment of fatigue performance in infinite life regime, the 
notch stress approach may be used to estimate the fatigue performance of the infinite life 
region. 
3.6.2 Introduction for Notch Stress Approach 
Notch stress based methodology developed in the automobile industry (Radaj et 
al. 2006) and successfully applied by Roy and Fisher (2005) in establishing fatigue 
threshold of UIT details is used for assessing infinite life fatigue performance of tube-to-
transverse plate welded connections. The requirement for design against infinite life is that 
fatigue fracture must be avoided regardless of the duration of the service life. The 
possibility of cyclic crack initiation and that crack propagation must be suppressed. The 
underlying assumption is that no appreciable damage occurs at the weld toe notch and the 
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notch stresses are purely elastic. This assumption is somewhat simplistic in that cracks may 
initiate at the weld toe notch but may not propagate, that is, “dormant cracks” may exist 
with limited damage from cyclic loading. To this end, the local stress at the weld toe notch 
should be determined. 
The local stress for infinite life design against fatigue cracking from weld toe 
should be determined by 3D FEA considering the local effect of the weld toe notch. Detail 
description about FEA modeling was discussed in Section 3.4. A notch of 0.04 in. (1 mm) 
radius should be introduced at the toe of the nominal weld geometry. Determining the 
stresses at the weld toe notch is complicated by the significant scatter in local weld 
geometry and presence of micro discontinuities. Moreover, when the weld toe notch is 
modeled with zero radius, the stress solution approaches infinity as the element size in the 
FE model is decreased to zero. To obtain a fatigue effective stress at the weld toe notch, a 
radius of 0.04 in (1 mm) is introduced at the center of the notch, which has been verified 
to produce consistent results for structural steel (Roy and Fisher 2005).  
The notch stress approach Roy and Fisher (2005) implemented was based on the 
simplified stress-life approach proposed by Smith et al. (1970) which consists of 
determining the fatigue effective notch stress at the weld toe and matching the fatigue 
effective notch stress with the endurance limit of the material at the notch root. Detail 
formulation of this approach will be introduced in next section. 
3.6.3 Fatigue Notch Factor 
All tube-to-transverse plate welded connections contains some form of 
geometrical and microstructural discontinuities, which called weld notch. High stress 
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concentration occurs at the weld notch, especially at the tube-to-transverse plate weld on 
tube wall due to local bending at the connection. The stress at the weld notch (σnotch) often 
results in several times greater than the nominal stress (S) at the connection. This stress is 
called as notch stress, and the notch stress concentration factor (Kt) is defined as follows 
notch
tK
S
σ
=  (26) 
The notch stress concentration may be fully dependent on the structural geometry and 
loading mode. It can be obtained from the theoretical solutions or finite element analysis 
(FEA). For the tube-to-transverse plate welded connection, there are not theoretical 
solutions are available, so that the notch stress concentration only can be obtained by FEA. 
However, the effect of notch for the fatigue resistance is not proportional to the 
notch stress. Peterson (Peterson 1945) and Neuber (Neuber 1946) found empirically that 
the effect of notch for the fatigue resistance is related to material and notch geometry. The 
material dependency in notch effect is called blunting effect. In softer materials, predicted 
Kt at the notch cannot be achieved if the peak stress is higher than the yield strength of the 
material. Moreover, the size of notch root radius is a factor of notch effect. As the notch 
root radius becomes larger, highly stress volume adjacent to the notch increases due to 
stress gradient. As a result, larger notch root radius has higher chance of fatigue failure. 
Due to these reasons, the fatigue notch factor (Kf) has been introduced. Peterson (1959b) 
empirically found the relationship between Kt and Kf.  
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where, a is a material constant and r is the notch root radius. The material constant a 
depends on material strength and ductility. For ferrous-based wrought metals, a is 
approximately given by Peterson (1959a) 
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3.6.4 Simplified Stress-Life Approach 
The fatigue resistance of a notched component can be assessed from the 
endurance limit or the long life alternating (R = -1) fatigue limit of an un-notched specimen, 
Se, also regarded as the material property, modified by the mean stress effect, the fatigue 
notch factor of the detail, and the roughness, hardness and residual stresses in the surface 
layer. Fuchs and Stephans (1980) provided an outline of such an assessment using 
amplitude vs. mean stress in a Haigh diagram to obtain the endurance limit of the material, 
which has been extended further for application to the current problem. The Haigh diagram 
was established based on an empirical stress-strain function proposed by (Smith et al. 1970) 
to define fatigue life of small smooth specimens that included crack initiation and some 
crack propagation. This function is provided by 
CEa =εσmax  (29) 
where, σmax is the maximum stress, εa is the strain amplitude, E is modulus of elasticity and 
C is a material constant. As long as the stresses and strains remain elastic, substituting 
σmax= σo +σa, where σo is the mean stress, and σa is the stress amplitude, the equation can 
be re-written as,  
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2)( Caoa =σ⋅σ+σ  (30) 
For a smooth specimen subjected to zero mean stress, the material constant C must be half 
the alternating fatigue limit, or the endurance limit (Se).  
Now, considering the treated weld toe idealized as a notch and subjected to 
nominal stresses Smin and Smax.  
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where, Sr is the nominal stress range, Sa is the nominal stress amplitude, and Sm is the 
nominal mean stress. Considering the effect of residual stress field introduced at the treated 
surface, σR, as a mean stress effect, and substituting for σa and σo at the notch root in 
Equation 30, result in 
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and, 
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Equation 33 provides a relationship between allowable Sr and Smin for a particular residual 
stress condition, notch geometry, and material. Therefore, if the stress nominal range is not 
higher than Sr, we may expect that the crack initiation or crack growth may not be occurred. 
For completely reversal loading condition which simulates the vibration in high level 
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luminaire support structures, mean stress is zero. As a result, Equation 33 should be 
modified considering zero mean stress condition. It is shown as follows. 
2 24R R e
r
f
S
S
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−σ + σ +
=  (34) 
Moreover, Equation 33 can be modified in terms of other stress parameters. For example, 
if we consider stress ratio (R) instead of Smin, Equation 33 becomes as follows. 
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3.6.5 Formulation Modification 
Underlying assumption in determination of fatigue threshold by simplified stress-
life approach is that that no appreciable plastic deformation occurs at the notch root and 
the notch stresses are purely elastic. Due to this reason, this approach was successfully 
applied to the work done by Roy and Fisher (2005) which estimated enhanced fatigue 
threshold of UIT treated cover plate detail. The UIT treatment introduces high compressive 
residual stress (close to compressive yield stress) to the weld toe. Thus, the stress condition 
at the weld notch is in elastic range during constant tensile stress cycles. However, the 
residual stress at the weld toe of as-weld condition is in very high tensile stress (close to 
tensile yield stress) due to the welding process. To apply this approach to as-welded 
condition, the assumption is somewhat simplistic in that cracks may initiate at the notch 
root but may not propagate, that is, “dormant cracks” may exist; limited plastic deformation 
may also take place from cyclic loading.  
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As a simplistic assumption, two cases are tried for estimating fatigue threshold of 
as-welded condition. First case (Formulation 1) assumes that the material is super-elastic, 
so that yield would not occur and the stress condition at the weld notch is always in elastic 
range (Figure 130). This case the formulation obtained in previous section need not be 
modified (Equations 33 to 35). In Table 15, fatigue test results and related information of 
the tested specimens under this study, which established CAFT, are tabulated. Estimated 
CAFTs of each specimen types are calculated and tabulated as well. As per Bannantine et 
al. (1990), the endurance limit was determined as a half of the ultimate strength of the 
material. Except Type XI specimen, all specimens had material of A572 Gr 50. The 
minimum yield and ultimate strengths of this material are 50 ksi (345 Mpa) and 65 ksi (448 
MPa), respectively. The material of Type XI specimen was A572 Gr 65, which had 
minimum yield and ultimate strengths of 65 ksi (448 MPa) and 80 ksi (552 MPa), 
respectively. The material properties were obtained from AISC Steel Construction Manual 
(2011). The ultimate strength of this material was not specified but the range was provided. 
The residual stress at the weld notch was assumed as the tensile yield strength of the 
material. The radius at the weld notch was 1 mm (0.04 in.). The formulations provide 
estimated CAFT in terms of stress ranges. However, fatigue performance of connection 
details are classified into eight AASHTO fatigue Categories. Therefore, certain range of 
stress ranges would represent a fatigue category. For example, when the estimated CAFT 
is 5.5 ksi (38 MPa), it would be classified as AASHTO fatigue Category D, which has 
CAFT of 4.5 ksi (31 MPa). A table for estimated CAFT ranges and corresponding 
AASHTO fatigue Categories are tabulated in Table 14. Comparison show that estimated 
CAFTs are generally higher than the CAFTs obtained from fatigue testing except Type I, 
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III and IV arms. However, the estimations for these specimens were lower than the actual 
CAFT, but the differences were not greater than one fatigue category in AASHTO. It would 
be acceptable. The cases which estimated values are higher than the actual CAFT were not 
as high as one fatigue category in AASHTO. For example, the estimated CAFT of Type 
III pole is 11.6 ksi (80 MPa). Then, the CAFT of the specimen could be determined as 
Category C, which is 10 ksi (69 MPa), to be in safe side. The comparison shows that the 
estimated CAFT based on Formulation 1 provides reasonable estimation. 
Second case (Formulation 2) assumes that the material is perfectly elastic-plastic, 
so that the maximum stress at the weld toe cannot exceed the tensile yield stress. Stress at 
the weld notch varies elastic with maximum stress of the tensile yield stress under the 
constant amplitude loading (Figure 131). For this case, the stress-strain function can be re-
established as follows. 
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Above formulation has an advantage of its simplicity. Estimated CAFT could be 
determined without considering stress ratio (R) or minimum nominal stress (Smin).  
Estimation results based on Formulation 2 are also tabulated in Table 15. 
Comparison shows that Formulati1on 2 over-estimates fatigue resistance in infinite life 
regime. From the fact that A572 steel is ductile steel that could observe larger plastic 
deformation at the notch, Formulation 2 seems to be more realistic approach compare to 
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the assumption used for Formulation 1. Then, a question arises that determining the 
endurance limit as a half of its ultimate strength might be over-estimated. According to 
Bannentine et al. (1990), the ratio between endurance limit and ultimate strength was 0.5 
for most steels having ultimate strength below 200 ksi (1379 MPa). For steels having 
ultimate strength over 200 ksi (1379 MPa), the ratio was 0.35 ~ 0.6. These ratios were 
obtained from the fatigue testing under elastic range with shiny polished specimens. 
However, conditions at the weld notch may be more severe due to high tensile residual 
stress and micro-discontinuity. As a result, the ratio could be lower for weld toe. In 
Equation 30, a factor (α) times the ultimate strength is replaced the constant C, which is 
identical to endurance limit, to check what was actual factor, α, using Formulation 2. Factor, 
α, could be back calculated from Equation 36 as follows. 
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Sr in Equation 37 is actual CAFT obtained from fatigue test. In fact, Sr could be higher than 
what was obtained from the testing because it was determined based on the CAFT of the 
fatigue categories in AASHTO Specification. Thus, the factor, α, calculated from Equation 
37 is the lowest value and could be higher. The factor, α, for each specimen is tabulated in 
Table 16. The factors are varied between 0.28 and 0.41. It is comparable to the minimum 
factor for steels with ultimate strength over 200 ksi (1379 MPa). In Table 16, estimated 
CAFTs for each specimen with respect to α of respectively 0.3 and 0.4 are presented. First, 
results show that the estimated CAFT values are sensitive to the factor, α. Only ten percent 
increase in endurance limit increased the estimated fatigue limit about 80 percent. When 
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the factor, α, is 0.3, the estimations are too conservative for all specimens except Type VII 
arms and poles. For Type III and IV arms, Type XI, and Type XII, estimated CAFTs are 
too low. For example, estimated CAFT of Type XII was 3.7 ksi (26 MPa), which could be 
considered as AASHTO fatigue Category E´, but it was found that actual fatigue category 
was Category D from fatigue testing. On the other hand, applying the factor value of 0.4 
generally over-estimates fatigue performance except Type XII. As it was discussed earlier, 
over-estimating CAFT is not a problem if it is within a proper range. However, the 
estimated CAFTs of  Type I arm, Type III, IV,V, and VI poles, and Type VII arm and pole 
are too higher that it could classify into higher fatigue category. For example, the fatigue 
category of Type III pole obtained from fatigue test was AASHTO fatigue Category C, but 
the estimation categorizes as AASHTO fatigue Category B´ or C´. Therefore, the factor 
values of both 0.3 and 0.4 failed to provide an accurate estimation.  
3.6.6 Protocol for Infinite Life Estimation 
Conclusion was made based on comparing two formulations. Formulation 
consistently provided estimated CAFT in reasonable range. On the other hand, CAFT 
estimation by Formulation 2 could not provide consistent estimation. Formulation 1 was 
selected for analytically evaluating fatigue performance of tube-to-transverse plate welded 
connection.  
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4 EVALUATION OF FATIGUE RESISTANCE BASED ON PARAMETRIC 
STUDIES 
4.1 Geometric Parameter Identifications 
Based on the review of performance of the connection details in the subject 
structures, and the understanding of the behavior and response of the subject structures in 
general, the critical parameters that influence the fatigue performance of various 
connection details were identified as follows.  
4.1.1 Commonly Considered Geometric Parameters 
Fatigue resistance of the connection details in the subject structures is dependent 
on their size and geometry and in particular the relative stiffness of the components at the 
connection such as the tube and the transverse plate. Results from limited fatigue tests and 
parametric studies conducted by Koenigs et al. (2003), Ocel (2006), and Stam et al. (2011) 
support this observation. The flexibility of the transverse plate with respect to the tube 
seemed to have the most significant effect on the fatigue performance of stiffened and 
unstiffened tube-to-transverse plate connections. The flexibility of the transverse plate is a 
function of its thickness (tTP), the size of opening (DOP), the diameter of the bolt circle 
(DBC), and the number of bolts (NB). The thickness and the opening size of the transverse 
plate govern the stiffness of the plate itself, and the bolt circle diameter and the number of 
bolts determine the boundary condition. The flexibility of the tube is a function of its 
diameter (DT) and thickness (tT).  
The fatigue resistance of tube-to-transverse plate connections improves with 
decreasing relative flexibility of the transverse plate with respect to the tube. For a given 
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tube diameter and thickness, the fatigue resistance of the detail will improve with 
increasing transverse plate thickness. For a given tube diameter and transverse plate 
thickness, the fatigue resistance of the detail will decrease with increasing tube thickness. 
With increased tube thickness, however, the stress at the detail may reduce below the 
reduced fatigue resistance of the detail, providing an acceptable fatigue performance of the 
connection. 
Additional flexibility of the transverse plate could be introduced by the up-stand 
or the unsupported length of the anchor bolt below the lower nut. According to AASHTO 
Specification (2009b), two types of anchor bolt connection designs (single-nut and double-
nut anchor bolt connections) are recommended. In double-nut anchor bolt connection, the 
base plate is supported on lower leveling nuts installed on anchor bolt protruding out of the 
concrete foundation. Thus, there is a clear space between the bottom of the base plate and 
the top of the foundation (Figure 132). In single-nut anchor bolt connection, this space is 
filled with concrete grout.  
In modern practice, the space under the base plate is preferred to be left open for 
ventilation, preventing corrosion of the anchor rods. As a result, the anchor bolts between 
under side of the lower leveling nut and the top of the foundation become unsupported. As 
the base plate flexes, supported on these discrete anchor rod supports, the anchor rods also 
flex with it increasing the apparent flexibility of the base plate (Figure 133). This additional 
flexibility due to the anchor rods depends on the length of the up stand. According to 
AASHTO Specification (2009b), the height of up-stand length is limited to the nominal 
anchor bolt diameter to avoid bending of anchor bolt in up-stand region. As such, the 
contribution of the up stand to the flexibility of the base plate is likely insignificant. 
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A limited FEA was conducted to assess the effect of the up-stand on the flexibility 
of the base plate (Figure 134). FEA model of the specimen X in NCHRP Project, which 
had tube diameter and thickness of 24 in. (610 mm) and 5/16 in. (7.9 mm), respectively, was 
used for this study. Transverse plate thickness was 3 in. (76 mm), bolt circle ratio was 1.25, 
and 16 bolts were installed. Three different up-stand lengths of 0 in. (0 mm), 13/4 in. (44 
mm), and 31/2 in. (89 mm), which were same as the diameter of anchor bolts and two times 
the anchor bolt respectively, were analyzed with the anchor bolt diameter of 13/4 in. (44 
mm). The maximum principal stress profiles on the tension side of the tube wall along the 
longitudinal direction of the tube are plotted. The results show that only about 5% increase 
in geometric stress was observed from the case of the up-stand length of a diameter of 
anchor bolt compared to the geometric stress of zero up-stand length. When the up-stand 
length was two times the anchor bolt diameter, corresponding geometric stress was 
increased about 14%. Increasing up-stand length more than a diameter of the anchor bolts 
increased the flexibility of the base plate. As such, the geometric stress also increased 
significantly. This study demonstrated that the effect of the up-stand on the flexibility of 
the base plate would be insignificant for anchor rods that are designed for strength and are 
installed as per the specification. 
At the arm-to-pole connections, the arm plate and the simplex plate are often not 
completely flat due to fabrication effects. This out-of-flatness within acceptable fabrication 
tolerances can affect adequate tightening of the bolts between the arm plate and the simplex 
plate. To achieve the desired pretension in the anchor bolts, washers are sometimes used 
between the arm plate and the simplex plate, resulting in situations where the arm plate is 
discretely supported. This boundary condition, however, does not affect the flexibility of 
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the arm plate. Accordingly, the up stand of the anchor rod was not considered as a variable 
for the parametric study. 
Loose nuts at the tube-to-transverse plate connections can also affect the 
flexibility of the plate. This situation arises out of improper installation procedures and/or 
inadequate maintenance, which are not systematic. Accordingly, effect of loose nuts was 
not considered as part of the parametric studies. 
4.1.2 Unstiffened Fillet-welded Round Tube-to-transverse Plate Connections 
The geometric parameters considered for the parametric studies of unstiffened 
fillet-welded tube-to-transverse plate connections for round tubes are shown in Figure 135. 
These are: the thickness of the transverse plate (tTP); the number of bolts (NB); the bolt 
circle or the ratio of the bolt circle diameter (DBC) to the tube diameter (CBC); the tube 
diameter (DT) and thickness (tT). 
For fillet-welded connections, where the tube is inserted into a matching opening 
in the transverse plate, the opening size in the transverse plate is determined by the tube 
diameter. The size of the opening affects the flexibility of the plate. Thus, the flexibility of 
the transverse plate is a function of tube diameter. 
4.1.3 Unstiffened Groove-welded Round Tube-to-transverse Plate Connections 
The geometric parameters considered for parametric studies of unstiffened 
groove-welded tube-to-transverse plate connections in round tubes are shown in Figure 
136. The diameter of the opening in the transverse plate (DOP) is considered in addition to 
the parameters identified for the fillet-welded connections. 
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Unlike the fillet-welded connections, the transverse plate for the groove-welded 
connections, where the tube is welded on the top of the transverse plate, need not have an 
opening matching the tube diameter. The size of the opening can vary depending on the 
fabrication requirements. For galvanized tubes, an opening is necessary for draining liquid 
zinc, whereas for non-galvanized tubes a transverse plate without any opening can be used. 
Fabricators typically recommend an opening size of a tube diameter minus 10 in. (254 mm) 
with 1 in. (25 mm) wide slots for sufficient draining of liquid zinc. Thus, for galvanized 
tubes the opening size in the transverse plate is indirectly controlled by the tube diameter. 
Plan view of typical high level luminaire support structure with the opening hole and slot 
in the transverse plate is shown in Figure 137. Since the slot is almost as long as the 
diameter of the tube, it was questioned that the flexibility of the transverse plate might be 
different with respect to the loading direction. Limited FEA was conducted. The FEA 
model had 24 in. (610 mm) and 5/16 in. (7.9 mm) tube diameter and thickness, respectively. 
Height of the tube was 168 in. (4267 mm) from the transverse plate. Transverse plate 
thickness was 2.5 in. (64 mm) and bolt circle diameter was 30 in. (762 mm) with 8 bolts. 
The opening in the transverse plate was 16 in. (406 mm) with 1 in. (25 mm) wide slot 
ending at 1/4 in. (6.4 mm) from the backing ring. The backing ring was fillet-welded at the 
bottom and top to the transverse plate and inside tube wall, respectively. Two loading 
directions were applied at the top of the tube. Directions were normal or parallel to the slot. 
The analysis results are shown in Figure 138. Maximum stress profile measured from the 
weld toe along the tube wall. The stress profiles of two loading conditions present that 
stress values were slightly lower when the loading was parallel to the slot, but it was 
insignificant and the geometric stress was almost same as the geometric stress of the 
 142 
 
 
loading normal to the slot. Thus, it could be concluded that the long slot in the transverse 
plate might influence the stress condition in the connection due to increasing flexibility in 
the transverse plate. However, it might not be a significant factor to be considered for the 
parametric study. When this study was conducted, similar analytical study was conducted 
by Stam et al. (2011) and found that opening in the transverse plate significantly affect its 
flexibility. Thus, it is considered a significant parameter for the parametric study. 
For the parametric study, the size of the backing ring was assumed as 2 in × ¼ in 
(51 mm × 6.4 mm), which is typically used for fabrication. The backing ring was not 
welded to the tube. The backing ring can also affect the fatigue performance of groove-
welded tube-to-transverse plate connections. The experimental studies by Roy et al. (2010) 
demonstrated that when the backing ring was welded to the tube, fatigue cracking can occur 
at the backing ring-to-tube weld toe, as the backing ring participates in transferring forces 
from the tube to the transverse plate. In this situation, the backing ring acted as an internal 
stiffening ring to the tube and thus affected the behavior and the geometric stress of the 
tube-to-transverse plate connection. In addition, the studies showed that adequate welding 
access was necessary for ensuring the quality of the backing ring-to-tube weld and its 
fatigue performance. The post-mortem studies of the mast-arm and pole of specimen Type 
II revealed that the quality of the backing ring top weld was questionable for the smaller 
10 in. (254 mm) and 13 in. (330 mm) diameter tubes even with the maximum possible 
opening in the transverse plate for welding access (Figure 139). The weld quality could be 
ensured in larger 24 in. (610 mm) diameter tubes (Figure 140). 
Since backing rings may act as an internal stiffening ring, the force shared by the 
backing ring depends on the geometries of the tube and the backing ring (diameter and 
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thickness of the tube and the height and thickness of the backing ring). A limited parametric 
study was performed to determine the effect of the backing ring on the behavior of the 
tube-to-transverse plate connections. Since backing ring thickness of 1/4 in. (6.4 mm) is 
commonly used, only the height of the backing ring was considered for this study. This 
results of study showed that the influence of the height of the backing was significant for 
smaller diameter tubes [10 in. (254 mm)]. The geometric stress at the backing ring top weld 
toe increased and the geometric stress at the groove-weld decreased as the backing ring 
height increased. As such, the geometric stress concentration at the groove-weld was 
almost same as that at the backing ring top weld for 10 in. (254 mm) diameter tube with 2 
in. (51 mm) backing ring height (Figure 141). Similar trend was observed from larger 
diameter tube [24 in. (610 mm)]. However, with the backing ring height of 2 in. (51 mm), 
the geometric stress at the backing ring weld toe was significantly lower than the geometric 
stress at the groove-weld toe. Moreover, the geometric stress at the groove-weld toe was 
almost same as the geometric stress of the case without backing ring. Thus, it was found 
that the effect of 2 in. (51 mm) backing ring with welding on the top was negligible (Figure 
142). Fatigue test results in larger diameter [24 in. (610 mm)] specimens, which were Type 
XI, confirmed this finding. As fatigue cracking in all cases developed first at the groove-
weld toe on the tube, when the backing ring weld was of adequate quality.  
For smaller diameter tube with 2 in. (51 mm) height backing ring, fatigue cracking 
at the backing ring top weld toe was expected due to high stress concentration and 
questionable weld quality. For larger diameter tube with 2 in. (51 mm) backing ring, 
welding backing ring top to the tube has little effect on the stress condition in groove-weld 
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toe. As such, it was decided not to include the weld at the top of backing ring in the models 
of unstiffened groove-welded tube-to-transverse plate connections.  
4.1.4 Stiffened Tube-to-transverse Plate Fillet-welded Connections 
Additional geometric parameters considered for parametric studies of the 
stiffened fillet-welded tube-to-transverse plate connections are the thickness of stiffener 
(tST), height of stiffener (hST), and the number of stiffener (NST). These parameters are 
shown in the Figure 143.  
Preliminary study was conducted prior to the parametric study by Roy et al. 
(2012), and the parameters were determined based on this study. This study presented the 
process of optimizing specimen design of stiffened tube-to-transverse plate fillet-welded 
connection for high level luminaire support structures. It found that stiffened connection 
could be a feasible solution for the thicker and larger high level luminaire support structures 
instead of increasing transverse plate thickness. The optimum design was determined by 
comparing geometric stress concentration at the stiffener termination and the fillet-weld at 
the base, which are two fatigue critical locations in the structure. Changing geometries 
significantly changed the stress conditions in both locations. As such, the effect of each 
geometric parameter was investigated. Finally the optimum design was determined by the 
stiffener size and shape and number of stiffeners providing similar geometric stresses at 
both locations.  
The effect of the ratio of stiffener and tube thickness is presented in Figure 144 
for tT of 5/16 in. (7.9 mm) and 3/8 in. (9.5 mm). σST and σSC in the figure are the geometric 
stresses at the stiffener termination and fillet-weld at the base, respectively. The loading 
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directions for σST and σSC are Load Case 1 Load Case 2, respectively. Theses loading cases 
provides the maximum geometric stress at both locations. The result shows that the 
optimum solution (the stress ratio of 1.0) was provided by a thickness ratio of about 11/4. 
The effect of the stiffener angle (α) is shown in Figure 145 for hST of 18 in. (457 mm), tST 
of 3/8 in. (9.5 mm), and tT of 5/16 in. (7.9 mm). It presents that σSC decreases and σST increases 
as the angle becomes larger. Thus, there is an optimum angle, and it is about 14°. The effect 
of the stiffener height is shown in Figure 146 for α of 15°, tT of 5/16 in. (7.9 mm), and tST of 
3/8 in. (9.5 mm). The results show that both σST and σSC are decreasing when hST increases. 
However, the reduction in σSC is much more than σST. Thus, increasing hST and , which 
are related to the size of the stiffener, would help protecting the fillet-welded base. 
Especially, hST could protect the fillet-welded base without significant change at the 
stiffener termination. The effect of transverse plate thickness (tTP) is shown in Figure 147 
for α of 15°, tT of 5/16 in. (7.9 mm), tST of 3/8 in. (9.5 mm), and hST of 18 in. (457 mm). 
Similar to the effect of the stiffener height, decreasing stress in fillet-welded base (σSC) as 
increasing tTP is much significant than stress in stiffener termination (σST).  
A few parameters related to the geometry of stiffened fillet-welded tube-to-
transverse connection were neglected based on the preliminary study. First, stiffener angle 
was standardized as 15° for all cases, which is close to what was found as an optimum of 
14°. Two parameters related to transverse plate were neglected. Those are number of bolts 
(NB) and bolt circle ratio (CBC). In stiffened connection, generally the stiffeners are placed 
between the bolts, so that the number of stiffeners is same as the number of bolts. The 
reason that the bolt circle ratio (CBC) was neglected was because larger bolt circle ratio is 
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not required for high level luminaire support structures having larger diameter. For this 
case, it is not efficient. Thus, bolt circle ratio was kept as 1.25 for the parametric study.  
4.1.5 Multi-sided Tube-to-transverse Plate Welded Connections 
Change in tube cross section brings two additional geometric parameters, the 
number of sides (NS) and the internal bend radius at the corner (rb) as shown in Figure 148. 
The outer opposite flat-to-flat distance of the tube was considered as its diameter.  
Since the changes in cross section causes additional effect from the round cross 
section, a “roundness factor” can be defined that quantifies the geometric similarity of a 
multi-sided section to a round section. The roundness factor should include both number 
of sides (NS) and bend radius (rb) and is defined as following.  
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where, Ri is the radius of inside inscribed circle. The factor was determined by dividing the 
distance from the center of tube to the inside face of bend corner with the inscribed radius 
of inside face of multi-sided tube section (Figure 149). The factor can vary from 0.5 to 1.0, 
where 0.5 indicates three-sided tube with zero bend radius and 1.0 is represents a perfectly 
round tube. For a given number of sides, the length of flat face will reduce with increasing 
bend radius, and the shape will approach to that of a round tube. On the other hand, with 
increasing number of sides the shape of a multi-sided tube will approach to round tube, 
even with a sharp bend radius. Fouad et al. (1998) proposed a “roundness factor”, defined 
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as the ratio of the inside bend radius to the inscribed radius of the multi-sided tube, which 
varied from 0 to 1, where 0 denoted the perfectly sharp corner and 1 denoted the perfectly 
round tube. However, this definition did not include the effect of number of sides, one of 
the primary and independent geometric parameter, and as such was incomplete. For an 
eight sided tube, the roundness factor as obtained from the above equation is greater than 
0.923, which is the value of roundness for zero bend radius. 
4.2 Geometric Parameter Ranges 
The parametric studies were performed over a realistic range of dimensions of the 
sign, signal and high level luminaire support structures in service. These dimensions were 
collected from the standard drawings of the subject structures from 17 states (AZ, CA, CO, 
FL, MA, MD, MI, MN, MS, NE, NJ, NM, NY, OH, OR, WY, and WA). Histograms of 
the key geometric parameters are presented in Figures 150 to 155. Almost all data was the 
dimensions of sign and signal structure. Only two sets of dimensions for high level 
luminaire support structures were obtained from the standard drawings of Wyoming and 
Iowa. Wyoming's drawing had 241/4 in. (616 mm) tube diameter, 3/8 in. (9.5 mm) tube 
thickness, 2.5 in. (64 mm) base plate thickness, 1.22 bolt circle ratio, and 8 bolts. The tube 
could be round or multi-sided. If it was multi-sided, the tube should be at least 16 sided 
with minimum bend radius of 3/4 in. (19 mm). Iowa's drawing had round tube with a 
diameter and thickness of 281/2 in. (724 mm) and 5/16 in. (7.9 mm), respectively. Thickness 
of the base plate was 13/4 in. (44 mm) having 6 bolts and bolt circle ratio of 1.23. 
The survey of the DOT standard drawings revealed that the diameter of mast-arm 
ranged from 5 in. (127 mm) to 22 in. (559 mm), having mean, median, and standard 
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deviation of 11.3 in. (287 mm), 11.0 in. (279 mm), and 3.45 in. (88 mm), respectively 
(Figure 150). The diameter of poles ranged from 8 in. (203 mm) to 24 in. (610 mm). Mean, 
median, and standard deviation were 14.5 in. (368 mm), 14.0 in. (356 mm), and 3.78 in. 
(96 mm), respectively. Ranges of both mast-arm and pole are widely distributed and the 
distributions of both show similar to the normal distribution. Mean and median values of 
the pole diameter is about 3 in. (761 mm) larger than the mast-arm diameter. 
Distribution of tube thicknesses in standard drawings is presented in Figure 151. 
Tube thickness of mast-arm ranged from 0.179 in. (4.5 mm) to 7/8 in. (22 mm), having 
mean, median, and standard deviation of 0.28 in. (7.1 mm), 0.24 in. (6.1 mm), and 0.12 in. 
(3.0 mm), respectively. Tube thickness of poles ranged from 0.179 in. (4.5 mm) to 1.3 in. 
(33 mm), having mean, median, and standard deviation of 0.35 in. (8.9 mm), 0.3 in. (7.6 
mm), and 0.28 in. (7.1 mm), respectively. Distributions demonstrate that mast-arm is 
generally thinner than pole. Most of the standard drawings had tube thickness less than 3/8 
in. (9.5 mm). All mast-arms and poles having tube thickness greater than 1/2 in. (13 mm) 
were found from the standard drawings of a sign structure in Arizona DOT. It was 
cantilever type structure having smooth rounded 90° transition at the top of the pole with 
same tube diameters in mast-arm and pole (Figure 152). Unlike standard design of other 
states, this structure used prefabricated seamless steel pipes. Therefore, these thick tubes 
could be ignored in the parametric study as a special case.  
Distribution of transverse plate thicknesses in standard drawings are shown in 
Figure 153. Transverse plate thickness in mast-arms ranged from 0.5 in. (13 mm) to 23/4 
in. (70 mm). Mean, median, and standard deviation are 1.56 in. (40 mm), 1.5 in. (38 mm), 
and 0.487 in. (12 mm), respectively. Transverse plate thickness in poles ranged from 1.5 
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in. (38 mm) to 31/4 in. (83 mm). Mean, median, and standard deviation are 2.34 in. (59 
mm), 2.5 in. (64 mm), and 0.522 in. (13 mm), respectively. Distributions demonstrate that 
the transverse plate thickness of pole was thicker than mast-arm. It is noticeable that 
significant number of transverse plate thickness of mast-arm is less than 2 in. (51 mm), 
which is minimum transverse plate thickness in AASHTO specification.  
In Figure 154, distribution of bolt circle ratio (CBC) in standard drawings is 
presented. Range of the bolt circle ratio in mast-arm is from 1.35 to 1.65, having mean of 
1.56, median of 1.53, and standard deviation of 0.132. Range of the bolt circle ratio in pole 
is from 1.35 to 2.35, having mean of 1.63, median of 1.43, and standard deviation of 0.373. 
Although the distribution in pole is wider than mast-arm, almost half of the population is 
in 1.35. It is because larger bolt circle is not feasible for poles which has larger tube 
diameter.  
Distribution of number of bolts (NB) is presented in Figure 155. Number of bolts 
of both mast-arm and pole ranged from 4 to 12 bolts. However, mean, median, and standard 
deviation of mast-arm are 4.8, 4, and 2.0, respectively. Mean, median, and standard 
deviation of pole are 6.2, 6, and 2.7. It shows that mostly four bolts are used for mast-arms 
and anchor bolts more than four bolts is frequently used for poles.  
In Figures 156 to 164, three dimension (3D) plots of geometries for mast-arms are 
presented. 
The figures related to 4 bolt cases (Figures 156 to 158) show that tube thicknesses 
less than 0.2 in. (5.1 mm) and tube diameter less than 8 in. (203 mm) are only found from 
the transverse plate thickness less than 13/4 in. (44 mm). The figures related to 6 bolt cases 
(Figures 159 and 160) present that tube diameters between 9 in. (229 mm) and 12 in. (305 
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mm) are only shown in transverse plate thicknesses between 13/4 in. (44 mm) and 21/4 in. 
(57 mm), but not shown in transverse plate thicknesses greater than 3 in. (76 mm). For 
cases having 8 or more bolts (Figures 161 to 164) show that tubes having thickness greater 
than 0.3 in. (7.6 mm) and diameter greater than 13 in. (330 mm) are associated with many 
bolt cases. Overall, distributions show that thicker transverse plates with more number of 
bolts are associated with larger diameter tube and thicker tube. 
In Figures 165 to 176, 3D plots of geometries for poles are presented in similar 
way. Trends in variations of transverse plate thickness, number of bolts, and tube diameter 
are similar to the trend in mast-arms. Thicker tube in poles is associated with thicker 
transverse plates and larger diameter tubes. 
4.3 Developing Factorials for Parametric Study 
4.3.1 Unstiffened Fillet-welded Round Tube-to-transverse Plate Connections 
The parametric studies were performed for round tube-to-transverse plate fillet-
welded connection details for the various combinations of the parameters. Multi-level or 
multi-dimensional factorials were developed from the possible levels of the parameters 
(Figures 177 and 178). Since many geometric parameters had to be considered, full 
factorials between tube thickness and diameter and full factorials between transverse plate 
thickness and bolt circle ratio for each number of bolts were established. The factorials 
were set to have at least three dimensions for each parameter to capture nonlinear effect on 
the geometric stress. Combinations were grouped with thinner tube and smaller tube 
diameter with less number of bolts. For the combinations with larger tube diameter, thicker 
tube, more number of bolts was combined. 
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The range of each parameter was decided based on the structures commonly used 
in service as was determined from the standard drawings. The diameter and thickness of 
the tube were ranged between 10 in. (254 mm) and 30 in. (762 mm), and 0.179 in. (4.5 mm) 
and 0.5 in. (13 mm), respectively. Although 8 in. (203 mm) diameter tubes are known to 
be used for arms in signal structures, they are rarely suitable for structures adjacent to major 
highways requiring longer cantilever arms. Other smaller diameter tubes are not used for 
highway sign, and signal structures. Accordingly 10 in. (254 mm) diameter was selected 
as the lower limit for round tubes that are commonly used for the cantilevered sign and 
signal structures adjacent to highways. The 30 in. (762 mm) diameter was selected as the 
upper limit for tubes that are used for high level luminaire support structures. Use of larger 
diameter tubes for the support structure is rare.  
The transverse plate thickness was varied between 2 in. (51 mm) and 4 in. (102 
mm). Although a transverse plate thickness less than 2 in. (51 mm) was used in many 
standard drawings, a minimum plate thickness of 2 in. (51 mm) was decided based on the 
recommendations of previous experimental studies (Koenigs et al. 2003) that was 
incorporated into the interim of the 4th edition of AASHTO Specification(AASHTO 2001). 
The maximum plate thickness of 4 in. (102 mm) was decided as a practical limit. 
The bolt circle ratio was bracketed between 1.25 and 2.1. According to the 
distribution of bolt circle ratio in standard drawings (Figure 154), distribution of bolt circle 
ratio in mast-arms is somewhat evenly distributed between 1.2 and 1.8. On the other hand, 
distribution of bolt circle ratio in poles is bias towards the lowest value which is 1.3. Larger 
bolt circle ratio for larger diameter tube (maybe poles) is not appropriate, because it could 
make transverse plate too flexible. To decide bolt circle diameter, enough room between 
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the anchor bolt and outside of the tube wall to insert torque wrench for tightening. As such, 
smaller bolt circle ratio was assigned to thicker transverse plates and many bolts which 
also has larger diameter and thicker tube. 
The number of bolts was varied from a minimum of four to a maximum of 16. 
Four bolts are the most commonly used configuration for mast-arms and poles. Although 
16 bolts was not found from the drawing, it was expected to provide enough stiffness for 
extremely larger diameter tubes.  
The range of parameters for fillet-welded round tube-to-transverse plate 
connections are tabulated in Table 17.  
4.3.2 Unstiffened Groove-welded Round Tube-to-transverse Plate Connections 
As it was discussed in previous sections, geometric parameters considered for 
groove-welded connection are identical to fillet-welded connection, but an additional 
parameter that is transverse plate opening has to be considered. Identical factorials 
developed for unstiffened fillet-welded connection was used for corresponding geometric 
parameters. 
In previous section, fabricator typically recommend an opening diameter in 
transverse plate as a tube diameter minus 10 in. (254 mm) with 1 in. (25 mm) slots for 
sufficient draining of liquid zinc. However, this requirement could not be strictly applied 
to the parametric study due to small diameter tubes, such as 10 in. (25 mm) or 13 in. (330 
mm). As such, it was decided to apply transverse plate opening in terms of transverse plate 
opening ratio (COP), which is ratio between opening diameter (DOP) and tube diameter (DT) 
for all combinations. The range of transverse opening ratio was from 40% to maximum 
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ratio. The maximum ratio was varied depending on the size of tube, because fixed thickness 
of backing ring and fixed size of backing-to-transverse plate weld leg was used. Those 
were both 1/4 in. (6.4 mm), respectively.  
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The range of parameters for groove-welded round tube-to-transverse plate 
connections are tabulated in Table 18. 
4.3.3 Multi-sided Tube-to-transverse Plate Welded Connections 
Prior to determining factorials of geometric parameters, preliminary study was 
conducted. To figure out the effect of the bend radius on GSCF, limited FEA was 
performed. Bend radii of Type VII mast-arm was varied from 1/2 in. (13 mm) to 5 in. (64 
mm). Bend radius of 5 in. (64 mm) tube was perfectly round. Outer flat-to-flat distance 
(diameter) and thickness of the eight sided mast-arm was 10 in. (254 mm) and 3/16 in. (4.8 
mm), respectively. The thickness of transverse plate was 2 in. (51 mm) having bolt circle 
ratio of 2.33 with 4 bolts. In Figure 179, GSCF with respect to bend radius is presented. 
Results show that GSCF is high in the range of 1/2 in. (13 mm) and 11/2 in. (38 mm). Then, 
it drops down significantly between 11/2 in. (38 mm) and 2 in. (51 mm). From bend radius 
of 2 in. (51 mm) or 21/2 in. (64 mm) to round, decrease in GSCF was not significant. As a 
result, it was decided to have maximum bend radius as half of the tube radius (a quarter of 
the diameter) or close value to it.  
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From the fatigue test results of specimen Type VII mast-arm, it was concerned 
that crack initiates in very earlier life compared to Type I mast-arm that had round tube 
with similar dimensions (Table 6 and Figure 81). As such, FEA was conducted further to 
obtain notch stresses [stress at the weld toe with rounding of 0.04 in. (1 mm)] with respect 
to the bend radius. In Figure 180, normalized notch stress was plotted with respect to the 
bend radius. Normalization was done by the notch stress of round tube with identical 
dimensions. Unlike the variation of GSCF, normalized notch stress decayed continuously 
as increasing bend radius. Especially, the notch stress of 0.5 in. (13 mm) bend radius was 
about 45% higher than the round tube. It is even 50% higher than the notch stress of 1 in. 
(25 mm) bend radius. From these results, it was decided not to include 0.5 in. (13 mm) 
bend radius in the parametric study, because it was considered as impractical.  
The number of sides was varied from 8 to 20. For smaller tubes, only 8 and 12 
sides were considered, whereas 8 sided tube was not considered for larger diameter tubes.  
The range of parameters for multi-sided tube-to-transverse plate connections are 
tabulated in Table 19.  
4.3.4 Stiffened Tube-to-transverse Plate Fillet-welded Connections 
Since there were not enough data obtained from the standard drawings, the ranges 
of parameters for stiffened tube-to-transverse plate fillet-welded connection were 
determined based on the preliminary study presented in previous section (Roy et al. 2012). 
The purposed of designing stiffened connection was for high level luminaire support 
structures having larger diameters. As such, three tube diameters of 24 in. (610 mm), 30 in. 
(762 mm), and 36 in. (914 mm) was included. With the same reasons, range of tube 
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thickness considered for this parametric study was between 5/16 in. (7.9 mm) and 5/8 in. (16 
mm).  
It was found that the optimized stiffener and tube thickness ratio was about 1.25 
(Figure 144). Thus, the range of stiffener thickness was varied between 0.7 and 1.7. In 
Figure 146, it was found that taller stiffener protected fillet-welded base effectively. As 
such, height of stiffener was varied based on the tube diameter. The ratio of stiffener height 
and tube diameter was bounded from about 0.5 to about 1.25. Finally, number of stiffener 
which determines the spacing between stiffeners was 6, 8, and 12. The data having six 
stiffeners were neglected later after FEA was finished, because it was found that six 
stiffener was not effective for larger diameter tube.  
The ranges of parameters for stiffened tube-to-transverse plate fillet-welded 
connections are tabulated in Table 20. Partial factorial in terms of tube thickness and 
stiffener thickness is shown in Figure 181 and partial factorial in terms of tube diameter 
and stiffener height is shown in Figure 182. 
4.4 FEA Model Generation and Data Collection 
4.4.1 FEA Modeling Description 
The parametric FEA were conducted using a global model and multi-level sub-
models to determine the local stresses accurately. The global model and the first level sub-
model were developed for determining the geometric stresses for finite life assessment. 
The subsequent sub-models were developed to determine the notch stress at the weld toe 
for estimating the CAFT of the detail. The size of each level of sub-model and respective 
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mesh density was verified by convergence tests shown in Chapter 2. All analyses were 
performed as per the analytical protocols presented in Chapter 2. 
Realistic three dimensional global models of the structures were developed 
including the nominal weld geometry and the bolts. A tube with a transverse plate was 
modeled, where the tube and the transverse plate parameters were varied over a range of 
dimensions. Unstiffened connections were modeled in round tubes, and stiffened 
connections were modeled in multi-sided tubes. The length of the tube was defined as eight 
times the tube diameter for unstiffened connections and seven times the tube diameter plus 
the stiffener height for stiffened connections (Figures 183 and 184).  
Size of the transverse plate was determined spending on the tube diameter and 
number of bolts. Conventionally, tube-to-transverse plate connections with four bolts have 
rectangular transverse plates. Four bolts are typically used with relatively smaller diameter 
structures, for which four bolts are sufficient to carry the applied forces within practical 
limits. Various rectangular bolt arrangements are possible for four bolt connections, which 
can be represented in polar coordinates by the bolt circle diameter (DBC) and the angle from 
one of the symmetry planes to a bolt (hereafter defined as bolt angle) as shown in Figure 
185. As discussed later in this section, the structures typically experience loading in the 
plane of symmetry, which lies in between the bolts for four bolt configuration. The bolt 
circle and the bolt angle, which respectively define the the bolt distance from the tube and 
the spacing between the bolts, can influence the flexibility of the transverse plate, and 
therefore the stress concentration at the tube-to-transverse plate connection. The influence 
of bolt circle on GSCF is discussed is discussed in Section 5.1.2. The influence of bolt 
angle on GSCF for four-bolt arrangement is discussed in the following.  
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Review of the standard drawings for the subject structures from each state DOT 
revealed that the minimum and maximum bolt angles were 30° and 45°, respectively. 
Influence of the bolt angle on the flexibility of the transverse plate was investigated for 
these two four-bolt arrangements in fillet-welded tube-to-transverse plate connections 
having DT = 10 in. (254 mm) and tT = 0.179 in. (4.5 mm), and tTP varied as: [2.0 in. (51 
mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 mm), and 4.0 in. (102 mm)]. Two DBC 
corresponding to two CBC of 1.25 and 2.10 were considered, which were the minimum and 
maximum CBC considered for the parametric study (Section 4.3). Since the shape of the 
transverse plate is usually dictated by the bolt angle, a rectangular plate was used for the 
bolt angle of 30° and a square plate was used for the bolt angle of 45°.  
The effect of the two bolt arrangements on GSCF is compared in Figure 186 for 
the analyzed models. The analysis results showed that the larger bolt angle produced higher 
GSCF for both DBC and for all tTP. This result is expected as the larger spacing of bolts 
(across the loading plane) associated with the larger bolt angle for a given bolt diameter 
resulted in larger flexibility of the plate and therefore larger GSCF. For the same reason, 
the larger DBC (or larger CBC) also produced larger GSCF. 
The difference in GSCF for the two bolt arrangements reduced with smaller DBC 
(or CBC) and with increasing tTP, i.e., with reduced plate flexibility. It was evident that DBC 
(or CBC) had a more significant effect on GSCF. For CBC of 2.10, GSCF exhibited the 
typical asymptotic decrease with increasing tTP. This asymptotic decay in GSCF was not 
conspicuous for CBC of 1.25, as GSCF for all plate thicknesses remained relatively uniform. 
Apparently, the transverse plate stiffness for CBC of 1.25 was sufficiently large that the 
asymptotic GSCF was achieved at tTP of 2.0 in. (51 mm), which was manifested by 
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relatively constant GSCF with increasing tTP (increasing stiffness). The maximum 
differences in GSCF for CBC of 1.25 and 2.10 were about 4% and 7%, respectively for the 
thinnest plate. Accordingly, the 45° bolt angle was conservatively assumed for all analyses 
with tube-to-transverse plate connections having four bolts.  
From review of the standard drawings for the subject structures, it was also noted 
that Florida DOT used six bolts in rectangular configuration for smaller diameter structures 
(mast-arms), with three bolts each on two opposite sides of the plate. Although this bolt 
configuration was not very common, its effect was also investigated with limited FE 
studies. Two FE models of fillet-welded tube-to-transverse plate connection with tTP = 2.0 
in. (51 mm), CBC = 1.75, DT = 10 in. (254 mm), and tT = 0.179 in. (4.5 mm) were analyzed, 
with three bolts each on two opposite sides. The bolt circle was defined through the corner 
bolts. The results were compared with a typical four bolt configuration arranged at 45° with 
respect to the plane of symmetries (Figure 187). The thinnest plate and the largest bolt 
circle were chosen to incorporate the effect of a flexible plate that was expected to produce 
the most critical GSCF. All models were loaded in a plane of symmetry. The GSCF of the 
model having three bolts on the sides of the plate parallel to the loading plane was about 
2.58 [Figure 187 (a)] and the GSCF of the model having three bolts on the opposite sides 
of the plate normal to the loading plane was about 2.57 [Figure 187 (b)]. For the four bolt 
configuration, the GSCF was 2.60 [Figure 187 (c)]. The FEA results indicated practically 
no difference between the four and six bolts arrangements, where the plate thickness 
provided adequate stiffness. As was suggested by Owens et al. (1999) for a four bolt 
configuration, the stiffness of the transverse plate may be assumed to be provided by the 
flexural stiffness of a strip of the plate spanning between two bolts as a fixed ended beam 
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normal to the loading plane. The flexural stiffness of this idealized beam is a function of 
its span length and depth, which are defined by the bolt spacing and the plate thickness. 
Apparently, the 2.0 in. (51 mm) thick plate with the maximum considered CBC provided 
sufficient stiffness  for the analyzed four-bolt connection [Figure 187 (c)], As such, similar 
GSCF was obtained with four and six bolt configurations; as the increased stiffness of the 
beam due to an extra bolt (or a fixed support) in the middle of the idealized (transverse 
plate) beam exceeded the threshold and therefore did not significantly influence the GSCF 
for the six bolt arrangement. This is typically the case for mast arms employing smaller 
diameter tubes [~ 10 in. (254 mm)] and a minimum 2.0 in. (51 mm) thick transverse plate, 
where the six bolt configuration has been used. For larger diameter structures requiring six 
or more bolts, the bolts are typically spaced equally in an annular transverse plate. Thus, 
for rectangular configuration only four bolts were considered for the parametric studies.  
Size of transverse plate was determined based on the bolt circle diameter. For 
square transverse plate, width of the transverse plate was 30% wider than the distance 
between adjacent bolts [Figure 188 (a)].  
An annular transverse plate was modeled when the plate was anchored by six or 
more number of bolts, representing poles of sign, signal and high level luminaire support 
structures. For unstiffened tube-to-transverse connections, diameter of the transverse plate 
was 6 in. (152 mm) larger than bolt circle diameter [Figure 188 (b)]. For stiffened tube-to-
transverse plate connections, the diameter of transverse plate was 2.0 in. (51 mm) plus the 
distance of the tip of the stiffener facing each other [Figure 188 (c)].  
The structure model was supported discretely at the bolts, which were modeled as 
separate parts and were assembled with the structure. In actual structure, anchor bolt rod is 
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tightened by upper nut and lower leveling nut (Figure 132). However nuts and bolts were 
modeled monolithic to simplify the model assuming that it would not affect result. All bolts 
were pre-stressed to the yield load. A rigid contact interface was defined between the bolts 
and the transverse plate to simulate the realistic condition (Figure 189). Bolts were fixed 
at their base.  
A rigid loading plate was tied to the tube end opposite to the transverse plate. The 
loading plate was 3/4 in. (19 mm) thick square plate having width of 1/2 in. (13 mm) greater 
than the tube diameter.  
The model was analyzed as a cantilever, subjected to a concentrated load applied 
at the center of the loading plate. The applied load was scaled such as to produce a nominal 
stress of 12 ksi (83 MPa) at the most fatigue critical section (where fatigue cracking is 
expected) in each model. For example, in unstiffened fillet-welded tube-to-transverse plate 
connections, the section through the weld toe on the tube was considered as the critical 
section. In unstiffened groove-welded tube-to-transverse plate connections, the section 
through the weld toe of the fillet reinforcement was considered as the critical section. In 
stiffened connections, the section through the toe of the wrap-around weld at the stiffener 
termination on the tube was considered as the critical section. To obtain the most critically 
stressed location in a section, the loading direction was varied.   
Since tube-to-transverse plate connections are fastened at discrete bolt supports, 
the plate flexibility and hence the stress concentration at a connection can be different in 
planes containing the bolts and in-between the bolts. Due to this axial asymmetry of 
boundary conditions, loading of the structures in planes containing the bolts or in between 
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the bolts i.e., the loading direction can also influence the critical stress concentration. The 
effect of the loading direction on GSCF in discussed in the following. 
The effect of loading direction was investigated separately for rectangular and 
circular (or polar) bolt arrangements. Typically four and occasionally six bolts in 
rectangular configuration (with rectangular plates) are used for mast-arm or pole-to-
transverse plate connections in sign and signal support structures. When six bolts are used, 
they are typically place along edges parallel to the structure’s plane of symmetry. Equally 
spaced four bolts on a square plate, or equally spaced six or more bolts on an annular plate 
are often used for the poles in these structures. It may be noted that the four bolt 
arrangement in a square configuration is a special case of the circular bolt arrangement, 
except that with square plates the projection from the tube varies in between the bolts. For 
mast-arms and poles having rectangular plates, the plate edges are aligned parallel and 
perpendicular to the structure’s plane of symmetry, with bolts typically located at the plate 
corners. For high level luminaire support structures, equally spaced six or more bolts on an 
annular plate are typically used, although, equally spaced four bolts on a square plate have 
been used occasionally. 
Wind-induced galloping in the plane of symmetry (containing the mast-arm and 
the pole) is the dominant mode of response for sign and signal support structures 
(Kaczinski et al. 1998; McDonald et al. 1995). Naturally, tube-to-transverse plate 
connections in the mast-arms and poles of these structures employing rectangular plates 
are analyzed for a loading direction in between the bolts. Field measurements (Albert et al. 
2007; Gray 1999; Hamilton et al. 2000), however, have demonstrated that the sign and 
signal support structures experienced significant oscillation out of the plane of symmetry 
 162 
 
 
under natural win gust, although the measured in-plane stress ranges were about twice that 
of out-of-plane stress ranges (Gray 1999). Displacement measurements at the tip of mast-
arm have shown circular or elliptical motion suggesting a resultant loading direction along 
the diagonal for a rectangular bolt arrangement. Accordingly, two loading directions, in 
between the bolts along the plane of the symmetry of the structure and along the plane 
containing the bolts (diagonal of the rectangular configuration), were considered for the 
rectangular bolt arrangement. 
To determine the effect of loading direction, two FE models of the tube-to-
transverse plate groove-welded connection having four bolts in a square configuration was 
analyzed for loading in two planes, through the bolts and in between the bolts, and the 
normal stress distribution in longitudinal direction around the tube perimeter at 0.1√(rt) 
from the weld toe was compared. Since the influence of the loading directions was 
correlated with the stiffness of transverse plate, two FE models which could show the 
minimum and maximum influence of the transverse plate were selected. The geometric 
parameters of the FE model pronouncing least influence of the transverse plate were: tTP = 
2.0 in. (51 mm); CBC = 2.10; COP = 0.95; NB = 4; DT = 18 in. (457 mm); and tT = 3/8 in. (9.5 
mm). The variation of normal stresses shown in Figure 190 present that the maximum stress 
of the loading in between bolts was found about 15° from the plane of symmetry, whereas 
the maximum stress of the loading through the diagonal bolts was found in the plane of 
loading. Generally, the maximum stress was found on the plane of loading, but the 
maximums stress location could be found from the location the radial plane closer to the 
plane containing bolts for connections having a relatively flexible plate. The location of 
the maximum stress will be discussed later in this section. The locations of the maximum 
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stresses are marked with red dots in the figure. The difference in maximum normal stresses 
was only about 9%. The geometric parameters of FE model pronouncing the most influence 
of the transverse plate were: tTP = 3.0 in. (76 mm); CBC = 1.25; COP = 0.40; NB = 4; DT = 
10 in. (254 mm); and tT = 0.179 in. (4.5 mm). The variation of the normal stress presented 
in Figure 191 show that the maximum stress was found in the plane of loading for both 
cases and the difference in the maximum stress was only about 3%. From the comparison 
of normal stresses for very flexible and very stiff plate, the maximum stress in the 
connection showed small difference between two loading directions. Since it was found 
from the field study that the stress ranges of in-plane oscillation of motion was twice larger 
than the out-of-plane of motion, it is reasonable to consider the loading direction in between 
the bolts along the plane of the symmetry of the structure for four bolt models in the 
parametric study. 
In addition, as discussed previously the location of the critical stress concentration 
depends on the flexibility of the plate and the bolt arrangement. In general, the critical 
stress concentration occurs on the plane of loading, when the bolt plane also coincides with 
it. When the loading plane is in between the bolts, for a relatively flexible plate the stress 
concentration generally occurs on a radial plane closer to plane containing the bolts. It was 
already shown from Figure 190. For a stiffer plate, however, the critical stress 
concentration generally occurs on the loading plane. As an example, maximum principal 
stress contours of two FE models having stiff and flexible transverse plates are compared 
in Figure 192. Geometric parameters of the models were: CBC = 1.50; COP = 0.85; DT = 10 
in. (254 mm); and tT = 0.239 in. (6.1 mm). Two extremes of tTP were 2.0 in. (51 mm) and 
3.0 in. (76 mm) were selected for the comparison. The figures clearly demonstrate that the 
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locations of the maximum stress were different by the transverse plate thickness. In Figure 
192 (a) having thinner transverse plate, maximum stress was located not at the center, but 
the maximum stress location spread out toward the bolts, whereas, the connection having 
thicker plate [Figure 192 (b)] presented the maximum stress at the center, where coincides 
with the loading plane. To check the influence of the transverse plate flexibility to the 
location of the maximum stress, maximum principal stress distributions along the perimeter 
of tube at the distance of 0.1√(rt) from the weld toe for tTP = [2.0 in. (51 mm), 2.5 in. (64 
mm), and 3.0 in. (76 mm)] were plotted, where r and t were the radius and the thickness of 
the tube respectively (Figure 193). Other geometric parameters of the connections were: 
CBC = 1.50; COP = 0.85; NB = 4; DT = 10 in. (254 mm); and tT = 5/16 in. (7.9 mm). The 
locations of the maximum stress for each connection were marked with red dot in the 
figure. The results show that the maximum stress location moves towards the bolt as the 
transverse plate became flexible. Also, the maximum stress values were increased. Thus, 
as the transverse plate becomes more flexible, the contribution of the resistance against the 
reverse bending in the tube from the anchor bolts becomes larger. The results of the 
parametric study were already taken care of changes in maximum stress location, so that 
GSCF was always calculated by the maximum stress, not the stress in the loading plane. 
For high level luminaire support structures, wind can blow in any direction and 
the vibration in the structure can be occurred in any direction as well. Thus, the stress 
concentrations at the critical location for two loading directions should be considered. 
Figure 194 shows the deformed transverse plate of the connection having six bolts, as 
obtained from the FEA results, when loaded in plane [Figure 194 (a)] and in-between 
[Figure 194 (b)] the bolts. Only the transverse plate is shown in the figure with the tube 
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above the weld toe removed for clarity. To accentuate the out-of-plane deformation of the 
plate, the vertical component of the plate displacements was exaggerated by 1000 times 
compared to the other components. As seen in the figures, the deformed shape is consistent 
with an annular plate subjected to a moment along the inner edge (at the tube interface in 
this case). One half of the plate about the moment axis protruded out due to the pull action 
of the couple, whereas, the other half of the plate depressed in due to the push action. The 
deformed shapes of the plate were similar when loaded on sections through and in-between 
bolts, although the vertical displacement of the plate in-between bolts was larger when 
loaded in that section. 
The deformation of the plate at sections in between and through the bolts, when 
loaded in respective planes, is compared in Figure 195. Only half of the plate about the 
moment axis that protruded out with reference to the fixed boundary was of interest, as the 
maximum tensile stresses at the tube-to-plate connection developed here. The figure 
demonstrated that away from the tube connection the out-of-plane displacement of the 
transverse plate in between bolts was slightly larger than at the section through the bolts. 
At the tube-to-transverse plate connection, however, the out-of-plane displacement was 
almost same at the sections through and in-between the bolts. This would imply that the 
rotation of the transverse plate was larger at the section through the bolts compared to the 
section in between the bolts. Since the stress concentration at the connection arises from 
the local reverse bending in the tube that is precipitated by the rotation of the transverse 
plate, a larger stress concentration at the weld toe on the tube is expected at the section 
through the bolts, rather than at the section in-between bolts. 
 166 
 
 
Two extreme cases of respectively NB and CBC were compared, because loading 
directions were determined with respect to bolt position. Geometric parameters for FE 
models of two extremes of NB = 6 and 16 were: tTP = 2.5 in. (64 mm); CBC = 1.50; COP = 
0.85; DT = 18 in. (457 mm); and tT = 5/16 in. (7.9 mm) and two extremes of CBC = 1.25 and 
2.10 were: tTP = 2.5 in. (64 mm); COP = 0.85; NB = 6; DT = 18 in. (457 mm); and tT = 5/16 
in. (7.9 mm). The variation of stress normal to the weld toe on the tube surface at the tube-
to-transverse plate connection along the tube perimeter at 0.1√(rt) from the weld toe for 
both the loading conditions discussed above is shown on polar plots in Figures 196 and 
197, for different bolt circle ratios and number of bolts. For both NB, loading in plane 
containing a bolt gave higher stress compared to loading in between bolts. Maximum stress 
always found at the location in the loading plane. Influence of the loading directions were 
more pronounced for NB = 6, but it was insignificant for NB = 16. Same observation was 
found from two extremes of CBC. Maximum stresses of each analysis were always found 
at the location in the loading plane. Also, always higher stress was found from the loading 
in plane containing a bolt. Influence of bolt is more significant when the bolts were placed 
closer to the tube (CBC of 1.25). For CBC of 2.10, little difference was noted between two 
loading directions. Thus, it may be concluded that higher stress was provided by the 
loading in plane containing a bolt for the connections with annular transverse plate. Typical 
loading direction for rectangular and annular plate are shown in Figure 198. 
Because of the two different critical sections in a stiffened tube-to-transverse plate 
connection, all models containing this connection were analyzed for two loading directions 
(Figure 199) to produce the critical stress concentration at each section. The more severe 
stress concentration could occur at the toe of the wrap-around weld on the tube at a stiffener 
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termination when the structure was loaded in the plane of a stiffener. The critical stress 
concentration at the fillet-weld toe on the tube at the base could occur when the structure 
was loaded in the middle plane between the stiffeners.  
Configuration of each level of sub-models were already discribed in Section 4.4.1. 
Analyses were conducted using a commercial FEA package ABAQUS (Dassault 
Systemes 2012). All stress evaluations were static analyses based on small displacement 
theory, and the material response was assumed linear elastic. The direct linear equation 
solver in ABAQUS that implements a sparse, direct, Gauss elimination technique was used. 
Default values of solution control parameters as provided in ABAQUS were adopted. All 
analyses were distributed with a computer cluster of four machines, each having eight 
central processing units (CPU) and 16 GB of shared memory. 
4.4.2 FEA Model Generation 
Since many FEA models had to be generated, it was not feasible to develop FEA 
model manually. As a result, automatic FEA model generation was required. For automatic 
FEA model generation, scripting technique was applied. The script was written in a 
programming language called Python (Dassault Systemes 2012). ABAQUS provided a 
feature that ABAQUS read a script and executed as it was programmed. Four scripts were 
developed for unstiffened fillet-welded round tube-to-transverse connection, unstiffened 
groove-welded round tube-to-transverse plate connection, unstiffened multi-sided tube-to-
transverse plate connection, and stiffened tube-to-transverse plate fillet-welded connection.  
For each geometric combination, four models, global model and three sub-
models, were modeled. All information of four models was saved in a cae file as a model 
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database. The information included part, material, boundary conditions, loading condition, 
constraints, interactions, meshes. Moreover, four input files for global model and three sub-
models were generated independently. Each input file contained the information of each 
model. These inp files were the inputs for executing Abaqus. Thus, five files were 
generated for each geometric combination for all detail types.  
For modeling unstiffened fillet-welded round tube-to-transverse plate 
connections, all FEA models having same number of bolts and bolt circle ratio were 
generated at once. Accordingly, these models were considered as a set, and analyzing and 
data collection were also performed together. For unstiffened groove-welded round tube-
to-transverse plate connections, the FEA models having same number of bolts, bolt circle 
ratio, and transverse plate opening ratio were considered as a set. For unstiffened multi-
sided tube-to-transverse plate connections, the FEA models that had same tube diameter 
became a set. Finally, for stiffened tube-to-transverse plate fillet-welded connections, a set 
of FEA models were made based on same number of stiffeners, tube diameters, and tube 
thickness.  
About ten percent of models were randomly selected and meshes were checked 
manually after one set of models were generated. ABAQUS provided a feature that allowed 
user to verify mesh quality (Figure 201). ABAQUS visually presented the elements having 
undesirable shape. As per the analytical protocol, all elements in the model should have 
the maximum aspect ratio of 1:4 and corner angle between 30° and 150°. Mostly, the mesh 
quality was acceptable in the tube, but some elements in the transverse plate could not 
satisfy the requirements in some models. It was, however, accepted if the number of 
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elements were no many because only a few elements in the transverse plate were assumed 
having minor effect on the analysis results.  
Since multiple models generated at once, it was necessary to have proper naming 
convention had to identify each model. Names of each model were made by listing values 
of geometric parameters. Unstiffened fillet-welded round tube-to-transverse plate 
connection was name by listing values of each geometric parameter sequentially. 
Transverse plate thickness, tube diameter, tube thickness, and bolt circle ratio are included 
in the name of the FEA model sequentially. Between each parameter, dash was inserted to 
distinguish and underscore was used as a decimal point. For example, a model having 2 in. 
(51 mm) transverse plate thickness, 10 in. (254 mm) tube diameter, 0.179 in. (4.5 mm) tube 
thickness, 4 bolts, and 2.1 bolt circle ratio was named as ʻ2_5-10-0_3125-4-1_75ʼ.  
The naming convention for groove-welded round tube-to-transverse plate 
connections is similar to that of fillet-welded connections. Since all geometric parameters 
are the same as fillet-welded connections except additional transverse plate opening ratio, 
additional parameter was added at the end. For transverse plate opening ratio of 70%, R70 
was at the end. For example, when 70% opening was added to the same example of fillet-
welded connection, it was named as ʻ2_5-10-0_3125-4-1_75-R70ʼ. 
Two additional geometric parameters (NS and rb) for multi-sided tube-to-
transverse plate connection are added to the end of the name of fillet-welded round tube-
to-transverse plate connection. For example, it was ʻ2_5-10-0_3125-4-1_75-8ns-1_0rbʼ. 
'8ns' stands for eight sided tube and 1_0rb stands for bend radius of 1 in. (25 mm).  
In the names of stiffened tube-to-transverse plate fillet-welded connection, 
number of bolts and bolt circle ratio was replaced by number of stiffener, stiffener 
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thickness, stiffener height, and loading direction. Number of bolts and bolt circle ratio 
could be removed because the number of bolts was same as the number of stiffener and 
bolt circle ratio for stiffened connection was fix as 1.25. A model that has 2 in (51 mm) 
transverse plate, 24 in. (610 mm) tube diameter, 5/16 in. (7.9 mm) tube thickness, eight 
stiffener, 5/16 in. (7.9 mm) stiffener thickness, 24 in. (610 mm) stiffener height, and loading 
direction 2 was named as ʻ2_0-24-0_3125-8-3125tst-24hst-LC2ʼ. The naming conventions 
for each detail are tabulated in Table 21. 
4.4.3 Data Collection 
Collecting data from output database (odb file) was also automated using Python 
script. Scripts for each detail were developed. Similar to the scripts for generating FEA 
models, data collection was performed as per a set of geometric combination. The same 
sets were used for each detail. Therefore, data from many numbers of models could be 
collected at once.  
The collected data was geometric stress, notch stress, stress profiles along the 
paths of interest. Stress profile along the center of the outer tube wall away from the weld 
toe and stress profile along the perimeter of the outer tube wall at the section 0.1√(r×t) 
from weld toe are recorded (Figure 200). From the stress profile along the perimeter of the 
tube, the location of maximum stress was also recorded. All data was archived as a text 
file. The geometric stress and notch stress from all models in a set were archived in a 
separate file as a summary file.  
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4.5 Curve Fitting Algorithm 
Equations of GSCFs at the tube-to-transverse plate welded connections for the 
various connection configurations were developed by performing regression on the 
geometric parameters of the connections. In view of the non-linear relationships between 
GSCF and many of the significant geometric parameters at a connection, and a large 
number of geometric parameters, nonlinear regression models were established 
considering one parameter at a time. Nonlinear regression were performed by method of 
least square using Marquardt-Levenberg algorithm to estimate the coefficients of the 
nonlinear parametric equations for GSCF that provided the best fit with the FEA results. 
In this section, theoretical background of Marquardt-Levenberg algorithm will be 
discussed. Then, the method of statistical tests conducted to verify the validity of the 
regression model (equations for GSCF). Validity of the parametric equation could be 
verified by numerical and graphical methods. Theoretical backgrounds of those will be 
discussed as well in this sectioin. 
4.5.1 Overview of Marquardt-Levenberg Algorithm 
Most algorithms for non-linear regression by the method of least square involves 
correcting a set of coefficients either by linearization of the residual function as first order 
Taylor series expansion about an initial solution, or by descending along the steepest 
gradient of the residual function. Both approaches, however, often fail to provide a least 
square estimate, due to divergence in subsequent iterations in the Taylor series method, 
and slow convergence in the method of steepest gradient. 
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Originally proposed by Levenberg (1944) and independently developed by 
Marquardt (1963), the Marquardt-Levenberg algorithm performs an optimum interpolation 
between Gauss-Newton method (first-order Taylor series method) and the steepest gradient 
method to obtain both fast convergence and accurate estimation, in the maximum 
neighborhood where the truncated Taylor series gives an adequate representation of the 
nonlinear model. Essentially, Marquardt-Levenberg algorithm is a technique for solving 
nonlinear algebraic equations. 
For the current problem, a relationship between the GSCF (the dependent variable) 
and the geometric parameters (independent variables) is being developed by regressing 
through the GSCF obtained from the parametric FEA (data). A nonlinear parametric model 
or the GSCF equation as a function of the geometric parameters is selected based on the 
trends of GSCF with respect to each geometric parameter.  
Minimization of nonlinear sum-of-squares function (least square estimation of 
nonlinear parameter) is a standard approach to determine parametric model providing least 
errors.  
The regression based on least square estimate seeks the values of the coefficients 
of the independent variables of regression model that minimize the sum of the squared 
differences between the regressed data and the predicted values of the dependent variable 
as given by the model.  
Suppose that m data points having p independent variables (geometric parameters) 
are available and those are denoted by 
( )1 2, , , , , , 1, 2, ,i i i li piy x x x x i m=⋯ ⋯ ⋯ . (40) 
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Parametric model, which is the equation for estimating GSCF with respect to geometric 
parameters, to be fitted to the data is established as follows. 
1 2 1 2( ; ) ( , , , , , ; , , , , , )i i i i li pi j nY Y x x x x a a a a=x a ⋯ ⋯ ⋯ ⋯   (41) 
where aj is the set of coefficients which will be varied to fit the model to the data. Then, 
residuals of each data point could be defined as follows. 
( ); ( ; )i i if Y y= −x a x a  (42) 
The residuals are assumed to be independent and normally distributed if the regression 
model fits well set of data. Minimization of a sum of squares of residuals is wide-spread 
activity to develop a solution of minimizing Equation 42. The objective function S(x,a) is 
established. 
[ ]2
1
1
( ; ) ( ; )
2
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i
i
S f
=
= ∑x a x a  (43) 
The Equation 43 could be expressed as a matrix form by collecting the m functions fi(x,a), 
as a vector f. 
T1( ; )
2
S =x a f f  (44) 
The steepest descent method finds a local minimum or saddle point of an objective 
function using gradient descent. If we define the gradient of S(x,a) as v(x,a), the particular 
form of S(x,a) gives gradient components 
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 174 
 
 
or 
T=v J f  (46) 
by defining the Jacobian matrix J by 
( , )
( , ) iij
j
f
J
a
∂
=
∂
x a
x a  (47) 
If we suppose that t represents the step length along the gradient and if t is small enough, 
following relationship is valid for all range of a except at local minimum or a saddle point 
of S(x,a). 
( , ) ( , )S t S− <x a v x a  (48) 
The iteration is continued by replacing a by (a-tv) until t is smaller than some 
predetermined tolerance. The Equation 48 should be satisfied during the iteration process. 
This method always finds the local minimum or a saddle point if the objective function 
S(x,a) is a convex function which always satisfies following condition.  
1 2 1 2( , (1 ) ) ( , ) (1 ) ( , )S c c cS c S− − ≤ + −x a a x a x a  (49) 
where, c is a constant having a value between zero and one. An illustrated example of a 
convex function presenting the validity of Equation 48 is shown in Figure 202. It is well 
known that this method converges fast when the solution is away from the minimum. 
However, the rate of convergence is relatively slow close to minimum (Nash 1979). 
The Gauss-Newton method uses the fact that the gradient v(x,a) must be null at 
the local minimum of the function S(x,a).  
( , ) =v x a 0  (50) 
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The solution of Equation 50 could be derived by approximating v(x,a) with first-order 
Taylor series. Consider the Taylor expansion of vj (x,a) about a. 
( ) 2
1
( , )
, ( , ) (terms in )
n
j
j j k
k k
v
v v q q
a=
∂
+ = + +
∂∑
x a
x a q x a  (51) 
If we assume that the terms in q2 are negligible, the solution can be obtained in closed form 
because the approximation is linear in the unknowns. By taking vj(x+q) as zero,  
1
( , )
( , )
n
j
k j
k k
v
q v
a=
∂
= −
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x a
x a  (52) 
for each j = 1, 2, … , n. The partial derivative of vj(x,a), Hessian of the objective function 
S(x,a), in Equation 52 could be derived from the Equation 46 using the chain rule. 
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 (53) 
The Hessian of the objective function is a sum of two terms having first-order derivatives 
and second-order derivatives. Once the derivatives of vj(x,a) is determined, Equation 52 
could be solve for qk. Then, the iteration is continued by replacing ak by (ak +qk) in Equation 
50. The second derivative of fi(x,a) with respect to coefficients aj  
Near the minimum of the object function (close to the solution), the function 
should be small. It is assumed that the second-order derivative term is neglected. As such, 
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the partial derivatives of v (Equation 53) are approximated by the matrix JTJ. Finally, the 
Equation 52 is reduced to 
T T=− =J Jq v J f . (54) 
The increment, q, can be obtained as follows. 
( ) 1T T−=q J J J f   (55) 
The iteration proceeds by replacing a by (a+q) and repeating until either a is smaller than 
the predetermined tolerance or  
( , ) ( , )S S+ ≥x a q x a   (56) 
Neglecting second-order derivative term may cause singularity especially far from 
the solution. 
Newton-Raphson iteration of Equation 54 could be easily failed due to rank-
deficiency caused in Jacobian matrix even though Newton-Raphson iteration provides 
quadratic convergence. Especially, when the current estimate is far from the minimum, the 
importance of omitted terms in Equation 53 is large because of large residuals (Wadsworth 
1990).  
The slow convergence of steepest descent method and stability problem in Gauss-
Newton method are solved simultaneously by scaling (Marquardt 1963), and given by 
( )T 2 Te+ = −J J D q J f  (57) 
where e is some parameter, and D is a diagonal matrix having positive diagonal elements. 
When, e becomes large, steepest descent is obtained, whereas Gauss-Newton solution is 
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obtained as e becomes small. (Marquardt 1963) and (Levenberg 1944) have suggested the 
scaling choice to make (JTJ+eD2) always positive definite 
2 T( )ii iiD = J J . (58) 
This process is iterative that it begins with guessed starting values, and continues until the 
sum of the squared difference no longer decrease significantly.  
4.5.2 Verification for Regression Tool in SigmaPlot 
Built-in nonlinear regression tool using Marquardt-Levenberg algorithm in the 
commercial program SigmaPlot version 10 is used for the regression (Systat Software 
2006). In order to verify the validity of the regression tool in SigmaPlot, a manually 
developed program and another commercial statistical analysis package were used.  
The regression results by SigmaPlot are verified by another commercial program 
SAS (SAS Institute 2008), which provides many options for the nonlinear regression 
including Marquardt-Levenberg algorithm. Both SigmaPlot and SAS provided same 
results when the regression conducted with same data. Also, Marquardt-Levenberg 
algorithm was programmed by using computer language FORTRAN 2003. Several sample 
examples were developed. The regression results were as same as the results predicted by 
SigmaPlot. Therefore, we may conclude that the built-in nonlinear regression tool in 
SigmaPlot is reliable to be used for this research. 
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4.6 Statistical Tests 
Verifying regression models using statistical tests is also critical for developing 
regression models. Verification could be done by numerical and graphical methods. 
Theoretical backgrounds of these methods are discussed this section. 
4.6.1 Numerical Method 
Correlation coefficient and R2 value are the most frequently used measure for 
model validation. Correlation coefficient represents how much linear between two 
variables (FEA and estimated GSCFs). R2 value represents the percentage of the total 
variability in dependent variable (estimated GSCF in this study) that is accounted for by 
using independent variables (geometric parameters) to predict dependent variable. 
Correlation coefficient or R2 values near 1 indicate that the regression equation is a good 
description of the relation between the independent and dependent variables. The values of 
zero indicate there is no correlation between independent and dependent variables. On the 
other hand, the values of one occur when the model can perfectly predict the dependent 
variable. 
Standard error of estimate is also check for model validation. The standard error 
of estimate measures the uncertainties in the estimates of dependent variable. The true 
values underlying population (FEA GSCF in this study) are generally within about two 
standard errors of predicted values. Thus, the validity of a model cannot be qualified if 
large standard error of estimate is indicated.  
In addition, standard error, t statistics, and P values for each coefficient are 
provided by SigmaPlot (Systat Software 2006). These statistics also used for evaluating 
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adequacy of the coefficients in the regression model. First, standard error measures the 
uncertainties in the predicted regression coefficients. True coefficients are generally within 
two standard error of the predicted coefficient. As such, large standard error may indicate 
correlation with other parameters (independent variable) and the regression model may be 
modified. The t statistic assesses whether the coefficient could be zero or not. It means that 
corresponding independent variable does not contribute to estimating the dependent 
variable if t statistic is zero. Therefore, t statistics may evaluate importance of the 
independent variable. 
regression coefficient
standard error of regression coefficient
t =   (59) 
P value is the probability of being wrong in concluding that the coefficient is not zero. 
Smaller P value indicates the probability of the coefficient not being zero becomes greater. 
Traditionally, when P value is less than 0.05, the independent variable could be used for 
estimation. These statistical data is used as subsidizing information for developing and 
accessing regression model. 
4.6.2 Graphical Method 
Graphical method for model validation uses the analysis of residuals. The analysis 
of residuals is based on the concept that the residuals would approximate the random error. 
Thus, if the residual is distributed randomly, it verifies that the model well fits the data. 
For the analysis of residuals, standard residual is frequently used. Standard residual is a 
residual divided by standard deviation of the residuals, so that it is a residual standardized 
to have standard deviation one. When the residuals are converted into standard residuals 
 180 
 
 
and plotted with respect to the dependent variable (estimated GSCF), if any tendency is 
found from the scatter of the standard residual, it indicates some independent variables are 
correlated. Then, the regression model cannot accurately predict the data. Standard residual 
distribution of a good regression model is shown in Figure 203 as an example. Standard 
residuals are randomly distributed and do not show any tendency. On the other hand, 
standard residual shown in Figure 204 presents tendency of having larger error as the 
estimated GSCF increased. The regression model analyzed for this plot must be modified. 
Another tool applied for this study is Quantile-Quantile plot (Q-Q plot). Q-Q plot 
is a graphical method for comparing two probability distributions. For the analysis of 
residuals, distribution of the standard residual should fit with normal distribution by its 
assumption. Thus, Q-Q plot will compare distribution of standard residual and normal 
distribution. Generally, Q-Q plot plots quantile of data set (standard residuals for this study) 
in ordinate and quantile of target distribution in abscissa. Therefore, when both 
distributions are similar, the data points in the the plot would approximately aligned on 45° 
reference line (Figure 205). In the figure, standard residuals are plotted with respect z-
percentiles, which is the quantile of normal distribution. Thus, if the plot is curved or has 
offset from the diagonal line, the model cannot provide accurate estimation (Figure 206).  
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5 PARAMETRIC EVALUATION OF FINITE LIFE RESISTANCE FOR 
UNSTIFFENED ROUND GROOVE-WELDED TUBE-TO-TRANSVERSE 
PLATE CONNECTIONS 
A parametric equation for estimating GSCF of unstiffened groove-welded round 
tube-to-transverse plate connections is developed in this chapter based on nonlinear 
regression of FEA results. The details of FEA were presented in Sections 3.4 and 4.4.1. As 
was noted in Section 4.1.3, groove-welded tube-to-transverse plate connections are 
geometrically similar to their fillet-welded counterparts. For the former, the tube is attached 
to the abutting face of the transverse plate by a full penetration groove-weld with or without 
a backing ring; whereas, for the later the tube is inserted into a matching hole in the plate, 
and is connected by a fillet-weld between the top of the plate and the tube around the tube 
perimeter. The opening in the transverse plate is not necessary for groove-welded 
connections, except for the flow of liquid zinc in case of galvanized tubes and/or for access 
when the backing ring is welded to the inner face of the tube. The groove-welded detail is 
thus a generalized tube-to-transverse plate connection, of which the fillet-welded detail is 
a particular case with the transverse plate opening equal to the tube diameter. Accordingly, 
the GSCF equation for the groove-welded connections is developed first, and is 
subsequently modified for the fillet-welded connections in the next chapter.  
The parametric GSCF equation is developed by the following general 
methodology. First, the influence of each parameter on GSCF of the tube-to-transverse 
plate connections is evaluated, and the variation trend of GSCF for each parameter is 
assessed. Regression models for GSCF are then developed by convolving the trend 
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relationships of each parameter and the coefficients of the GSCF equations are determined 
by least square fit. Finally the goodness of the fit is evaluated by statistical tests. 
5.1 Influence of Geometric Parameters on GSCF 
The geometric parameters of the unstiffened groove-welded round tube-to-
transverse plate connections, considered for the parametric study, are identified in Section 
4.1. The influences of these parameters on GSCF of the connections are discussed in this 
section, primarily with respect to the parametric study results of two full basic factorial 
(shown in Table 22), corresponding to connections having four and eight bolts respectively. 
The exception is the effect of the number of bolts, which is discussed with respect to the 
results of all analyzed bolt configurations (4, 6, 8 and 16 bolts). As was presented in Section 
1.1, GSCF is defined as the ratio of the local stress on the outer surface of the tube at a 
distance of 0.1√(rt) from the weld toe (or the geometric stress), and the nominal stress at 
the weld toe, where r and t are the radius and the thickness of the tube, respectively. As 
noted in Section 4.4.1, all models for the parametric study were analyzed for the same 
applied nominal stress of 12 ksi (83 MPa) at the weld toe section on the tube of the tube-
to-transverse plate connection, which was computed based on the applied moment and the 
elastic section modulus at the section. It may be noted that the factorial of four bolt 
connections included the combinations of smaller diameter and thinner tubes with thinner 
transverse plates having larger opening whereas, the factorial of eight bolt connections 
included the combinations of larger diameter and thicker tubes with thicker transverse 
plates having smaller opening. The geometric combinations that are most prevalent in 
practice were considered in the factorial. The influence of each geometric parameter on 
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GSCF is demonstrated by plotting it (as ordinate) against one of the parameters (as 
abscissa), for constant values of the other parameters. Thus, each plot presents the variation 
of GSCF for a two-dimensional cross section of the multi-dimensional factorial. The scales 
of GSCF (ordinate) and each geometric parameter (abscissa) should be same for all plots 
for ease of comparing purposes. However, the scales were varied for all plots because it 
was difficult to clearly present the variation of GSCF against a geometric parameter when 
the variation is too small. It should be also noted that maximum transverse plate opening 
ratio could have various values depending on the tube diamenter and the tube thickness as 
per the definition of the transverse plate opening ratio presented in Section 4.3.2. As such, 
maximum transverse plate opening ratio could have multiple values when GSCF is plotted 
for various tube diamenters and tube thicknesses. In this case, the transverse plate opening 
ratios are presented as “max” instead of specifying the ratio for each cases. 
The influence of the transverse plate flexibility on GSCF, comprising the effects 
of transverse plate thickness (tTP), bolt circle ratio (CBC), transverse plate opening ratio 
(COP), and the number of bolts (NB) is discussed first. The influence of the tube flexibility 
on GSCF, comprising the effects of the tube diameter (DT) and tube thickness (tT) is 
discussed subsequently. 
5.1.1 Influence of Transverse Plate Thickness, tTP, on GSCF 
The influence of tTP on the behavior of tube-to-transverse plate connections and 
resulting GSCF is demonstrated in Figure 207 with respect to the FEA results of two 
geometries having different plate thicknesses, 2.0 in. (51 mm) and 4.0 in. (102 mm) 
respectively, but otherwise identical geometric parameters of: tT = 5/16 in. (7.9 mm); DT = 
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18 in. (457 mm); NB = 8; CBC = 1.50; and COP = 0.85. Identical backing ring was used for 
all parametric studies with thickness and height of 1/4 in. (6.4 mm) and 2 in. (51 mm), 
respectively. As discussed in Section 4.1.3 and APPENDIX B, the effect of the backing 
ring was significant only for smaller diameter tubes and when welded at its top face to the 
tube, where the weld quality affected the fatigue performance of the connection. The 
quality of this weld, however, can only be effectively ensured in larger diameter tubes, 
where a sufficient access holes can be provided in the transverse plate. Accordingly, the 
backing ring should be welded to the tube only for larger diameter tubes. For such cases, 
however, the backing ring does not significantly influence the load sharing and GSCF, and 
therefore could be neglected in the FEA simulations. Since models were already developed 
to study the influence of backing rings, they were disconnected from the tubes for the 
parametric studies to eliminate any load sharing by the backing ring.  
The results for tTP of 2.0 in. (51 mm) and 4.0 in. (102 mm) were representative of 
the connection behavior and were selected to accentuate the plate thickness effects. These 
two plate thicknesses are typical practical limits of application. The behavior of the 
connections, as exhibited by the deformed shapes and the spatial distribution of the 
maximum principal stress at the tube-to-transverse plate connections, are compared in 
Figure 207 (a) on sections through the highest stress concentration at the weld toe, which 
also coincided with the loading plane for these two models (see discussion in Section 4.4.1 
regarding the maximum geometric stress location along the weld toe). Only the part section 
experiencing tensile stresses at the weld toe is presented (The part section mirrored about 
the centerline of the tube is in compression.). Also shown in the figure are the undeformed 
configuration, the idealized fasteners, and the fixed boundary to the fasteners (see Sections 
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3.4 and 4.4.1 for details of FEA modeling). For easy comparison, both the sections were 
plotted with respect to the fixed boundary as a common reference. In addition, magnified 
view of the local stress concentration at the weld toe and the respective GSCF for each 
connection are shown in the figure insets for clarity. The variation of the maximum 
principal stress along the outer surface of the tubes in the longitudinal direction, plotted 
with respect to the distance from the weld toe (subsequently referred to as the maximum 
principal stress profile), is compared in Figure 207 (b) for the considered models. Noting 
that the theoretical stress concentration at the idealized weld toe notch (sharp corner 
without radius) is infinite, and the stress concentration at the weld toe from the FEA results 
is a function of the mesh size, the stress profiles are discontinued in the vicinity of the weld 
toe, where the FEA results asymptotically approach infinity with increasingly refined 
mesh.  
As is evident from the FEA results presented in Figure 207 (a), the local stress 
concentration at the weld toe on the tube was larger for the connection having smaller tTP. 
Under same loading, the smaller tTP experienced larger flexural deformation (rotation), 
which resulted in larger local reverse bending of the tube wall at the rigid welded 
connection for maintaining compatibility of deformation. This larger deformation induced 
local bending of the tube wall resulted in higher stress concentration in the connection with 
smaller tTP.  
The stress concentration adjacent to the weld toe due to the local reverse bending 
of the tube wall is also observed in the maximum principal stress profiles [Figure 207 (b)], 
where the nominal or in-plane stress distribution in the tube wall is also plotted for 
demonstrating the localized out-of-plane bending of the tube wall. The reverse bending of 
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the tube wall is manifested by the valley or the depression below the nominal stress in the 
stress profile. For the smaller tTP, the local stresses adjacent to the weld toe was higher, the 
decay of the stress or the gradient of the stress profile near the weld toe was greater, the 
valley of the stress profile was deeper, and the decay length of the local reverse bending 
effect was longer. The nominal or in-plane stress in both tubes, however, was the same 
after the local bending of the tube wall dissipated away from the welded connection. As 
discussed in Section 1.2, similar effect of tTP was also noted by other researchers (Hall III 
2004; Koenigs et al. 2003; Ocel et al. 2006; Stam et al. 2011). Increasing tTP from 2 in. (51 
mm) to 4 in. (102 mm), the GSCF reduced from 2.85 to 1.54 or by about 46% for otherwise 
identical tube-to-transverse plate connections. 
The parametric study results showing the variation of GSCF with respect to tTP 
for constant values of other geometric parameters within the basic factorials corresponding 
to four and eight bolts are presented in Figures 208 through 211. For the connections with 
four bolts, tTP of 2.0 in. (51 mm), 2.5 in. (64 mm), and 3.0 in. (76 mm) were considered. 
For the connections having eight bolts, additional tTP of 3.5 in. (89 mm) and 4.0 in. (102 
mm) were included. The plots indicated that GSCF decreased exponentially with 
increasing tTP, and asymptotically approached a constant value, for all considered values 
of CBC (Figure 208), COP (Figure 209), DT (Figure 210), and tT (Figure 211). The rate of 
decay was greater for smaller tTP, larger CBC, larger COP, larger DT, and larger tT. For a 
given tTP, higher GSCF was produced by larger CBC, larger COP and larger DT. The variation 
of GSCF with tT, however, exhibited a unique trend particularly for the combinations 
within four bolt factorial [Figure 211 (a)]. For smaller tTP, larger tT produced higher GSCF. 
With increasing tTP, however, GSCF for larger tT became lesser than the smaller tT, due to 
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the greater rate of decay. This trend was not seen for the geometric combinations within 
the eight bolt factorial that included connections of smaller CBC, smaller COP, and larger 
DT [Figure 211 (b)], where the decay in GSCF with increasing tTP was not significantly 
different for different tT. Thus, it appears that the variation of GSCF with respect to tTP is 
also influenced by tT particularly significantly for stiffer plates with smaller diameter tubes. 
As discussed later in section 5.1.6 with respect to the influence of tT on GSCF, GSCF 
increased almost linearly with increasing tT. However, the rate of increase (slope) with 
increasing tT reduced for stiffer plates having larger tTP and/or smaller COP and for smaller 
DT, and even became negative (or decreasing) with further increase in tTP and decrease in 
DT. The Influences of CBC and NB on the slope were insignificant. The observed behavior 
suggested that the geometric effect of the connection dissipated beyond a relative stiffness 
of the plate and the tube. Explained the behavior manifested in Figure 211 (a).  
5.1.2 Influence of Bolt Circle Ratio, CBC, on GSCF 
The influence of CBC on on the behavior of tube-to-transverse plate connections 
and resulting GSCF is depicted in Figure 212, with respect to the deformation and the 
maximum principal stress distributions from FEA results of two connections having CBC 
of 1.25 and 1.75, respectively. These were the smallest and the largest CBC considered for 
the parametric studies of connections having eight bolts. The other geometric parameters 
of these connections were identical: tTP = 2.5 in. (64 mm); COP = 0.85; DT = 18 in. (457 
mm); and tT = 5/16 in. (7.9 mm). Figure 212 (a), presented similar to Figure 207 (a) 
discussed earlier, shows the spatial distribution of the maximum principal stresses on the 
deformed cross section of the connection. The maximum principal stress profiles for these 
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two connections are shown in Figure 212 (b) along with the nominal in-plane stress in the 
tube. Similar to the influence of tTP discussed with respect to Figure 207, larger flexural 
deformation (rotation) of the transverse plate in the connection with larger CBC resulted in 
larger local reverse bending of the tube wall at the rigid welded connection with the plate, 
and therefore larger stress concentration in the tube. This larger local bending of the tube 
is also evident from the stress profiles in Figure 212 (b), where higher stress concentration, 
larger gradient, and deeper valley or depression below the nominal in-plane stress were 
observed adjacent to the welded connection having larger CBC. As CBC increased from 1.25 
to 1.75, GSCF of the tube-to-transverse plate connection increased from 1.87 to 2.49 or by 
about 33%, for otherwise identical tube-to-transverse plate connections. 
The parametric study results showing the influence of CBC on GSCF are presented 
in Figures 213 through 216 for constant values of other geometric parameters within the 
basic factorials corresponding to four and eight bolts. Bolt circle ratios of 1.25, 1.50, and 
1.75 were considered for all connections. For four bolt configuration, an additional CBC of 
2.10 was considered that is typically used for mast-arm-to-pole connections. As is evident, 
GSCF increased nonlinearly with increasing CBC at a decreasing rate for all considered 
values of tTP (Figure 213), COP (Figure 214), DT (Figure 215), and tT (Figure 216). For a 
given bolt circle ratio, smaller tTP, larger COP, larger DT, and larger tT higher stress 
concentrations. For the connections with four bolts, GSCF asymptotically approached a 
constant value with increasing CBC. For the connections with eight bolts, however, the 
reduction in the rate of increase of GSCF was smaller, and the influence of CBC was 
miniscule for larger tTP and/or smaller COP. In general, the parametric studies showed that 
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the influence of CBC on GSCF was larger for relatively stiffer tubes (larger DT and tT) and 
flexible transverse plates (smaller tTP, larger CBC, and larger COP).  
5.1.3 Influence of Transverse Plate Opening Ratio, COP, on GSCF 
The effect of COP on the behavior of the tube-to-transverse plate connections and 
the resulting GSCF as obtained from the FEA results is presented in Figure 217 for two 
connections having COP of 0.4 and 0.85 respectively, and identical values of other 
geometric parameters: tTP = 2.5 in. (64 mm); CBC = 1.50; NB = 8; DT = 18 in. (457 mm); 
and tT = 5/16 in. (7.9 mm). Figure 217 (a), presented similar to Figure 207 (a) discussed 
earlier, shows the spatial distribution of the maximum principal stresses on the deformed 
cross section of the connections. As is evident, the flexural deformation (rotation) of the 
transverse plate at the tube connection was limited by the continuity of the plate for a 
smaller plate opening or smaller COP. In comparison, the flexural deformation (rotation) of 
the transverse plate with a larger opening was larger at the tube connection, resulting in a 
larger deformation induced reverse bending of the tube wall. Due to the larger bending in 
the tube adjacent to the weld toe, GSCF increased from 1.54 to 2.23 or by about 45% with 
COP increasing from 0.40 to 0.85 for otherwise geometrically identical connections. In 
addition, steeper stress gradient near the weld toe, deeper valley or depression below the 
nominal stress, and longer decay of bending stress were observed for the maximum 
principal stress profile of the connection having larger COP. 
The parametric study results showing the influence of COP on GSCF are presented 
in Figures 218 through 221 for constant values of other parameters within the basic 
factorials corresponding to four and eight bolts. Fixed transverse plate opening ratios of 
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0.4, 0.55, 0.7, and 0.85 were considered for all connections. In addition, the effect of the 
maximum possible opening in the transverse plate was considered, which was obtained by 
deducting the tube thickness, the backing ring thickness, and the leg size of the backing 
ring-to-transverse plate weld from the tube diameter. Thus, the maximum opening ratio 
varied with the tube size (DT and tT) for constant values of other parameters, and is denoted 
as “max” on the plots of GSCF. As is evident, GSCF increased exponentially with 
increasing COP for all considered values of tTP (Figure 218), CBC (Figure 219), DT (Figure 
220), and tT (Figure 221). This trend was more apparent as the flexibility of the plate 
increased (smaller tTP, larger CBC, and increasing COP). Larger DT and/or larger tT, and 
smaller tTP having larger CBC produced higher GSCF and slightly higher rate of increase in 
GSCF with COP, suggesting the influence of relative stiffness of the tube and the transverse 
plate on GSCF. 
5.1.4 Influence of Number of Bolts, NB, on GSCF 
The effect of NB (fastening the transverse plate to a support) on the behavior of 
the tube-to-transverse plate connections and the resulting GSCF is discussed with respect 
to the parametric study results of all analyzed bolt configurations. Figure 222 compares the 
behavior of two connections as obtained from FEA, fastened with six and 16 bolts 
respectively, which were selected to accentuate the effect of the number of bolts. The other 
geometric parameters of the connections were identical: tTP = 2.5 in. (64 mm); CBC = 1.50; 
COP = 0.85; DT = 18 in. (457 mm); and tT = 5/16 in. (7.9 mm). Both models were loaded in 
a plane through the bolts. Figure 222 (a), presented similar to Figure 207 (a) discussed 
earlier, shows the deformed shape and the spatial distribution of the maximum principal 
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stress at the tube-to-transverse plate connections on a section through the highest stress 
concentration at the weld toe, which also passed through the loading plane containing the 
bolts as was presented in Section 4.4.1. The maximum principal stress profiles along the 
outer surface of the tube on the section are shown in Figure 222 (b) for these two 
connections. 
As is evident from the figures, the effect of NB on GSCF was not as pronounced 
as the other geometric parameters discussed earlier. The stress concentration adjacent to 
the weld toe in the model with six bolts was slightly higher than the connection with 16 
bolts. The flexural deformation of the transverse plates and the rotation at the welded 
connection, which were responsible for the localized deformation induced reverse bending 
of the tube wall and the amplification of the stress concentration at the weld toe, could not 
be differentiated between the connections. The principal stress profiles were also similar 
for both bolt configurations.  
To verify the apparent insignificance of NB on GSCF, the deformation of the 
transverse plate at a section through the bolts was investigated further for widely varying 
NB. As was discussed in Section 4.4.1, the critical GSCF was produced when loaded in a 
plane containing the bolts. It was postulated that the effect of NB would be insignificant if 
the plate deformationt the critical section did not vary significantly for the different NB. 
The rotation of the transverse plate is identified by the rotation angle of the transverse plate 
as shown in Figure 223. For small displacement, the rotation of the transverse plate can be 
defined by dividing the relative out-of-plane displacement of the transverse plate along the 
tube with respect to that along the bolt circle by the distance from the bolt circle to the tube. 
The rotation angles of the transverse plates for the connection with NB of 6 and 16 and CBC 
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of 1.25 and 1.50 are compared on polar plots along the angular path on the circumference 
of the tube in Figure 224. The reason that the transverse plate rotation of the FE model 
having two different CBC was because it was already presented that changing CBC gave 
large influence on GSCF in Section 5.1.2. Only the half of the tube about the moment axis, 
where the stresses are tensile, is considered. The rotation angle of the transverse plate is 
plotted on the radial axis. The angular axis is measured from the neutral axis. The thicker 
lines represent CBC of 1.50, whereas the thinner lines represent CBC of 1.25. Solid lines 
represent the connection with six bolts, whereas the dashed lines represent the connection 
with 16 bolts. Other geometric parameters of the connections were same as presented 
earlier. The results show that the transverse plate rotation is clearly distinguished by CBC 
and difference in NB did not produce significant change. Thus, transverse plate rotation is 
more influenced by the CBC and the effect of NB is insignificant. 
Figures 225 through 231 show the effects of NB on GSCF for four, six, eight, 12, 
and 16 bolts. For all considered variations of tTP (Figure 225), CBC (Figure 226), COP 
(Figure 229), DT (Figure 230), and tT (Figure 231), GSCF reduced exponentially and 
asymptotically approached a constant value with increasing NB, however, the reduction 
was small. It may be noted that the results from the connections with four bolts did not 
follow the smooth variation of GSCF with varying NB, because in contrary to the other bolt 
configurations, the model with four bolts was loaded in a plane in between the bolts.. The 
thick hollow symbols in Figures 225 and 226 present FE results when the four bolt models 
were loaded in the plane containing a bolt. These results were consistent with the smooth 
variation of GSCF with increasing NB. For a given NB, higher stress concentration occurred 
for thinner plates, larger CBC, larger COP, larger DT, and thicker tubes. Thus, it was apparent 
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that NB had a greater influence on relatively flexible plates and larger and thicker tubes. 
The reduction in GSCF with increasing NB was greater for thinner plates, and larger COP. 
Although GSCF increased with CBC, due to increasing plate flexibility, the variation of 
GSCF with NB for all considered CBC was almost similar (Figure 226), suggesting no 
interaction effect of NB and CBC on GSCF. [Note, the reduction was slightly greater for the 
smaller CBC, however, the difference between GSCF corresponding to the smaller and the 
larger CBC was insignificant.] This apparent lack of interaction between NB and CBC was 
investigated further with various CBC for two otherwise identical tubes having relatively 
flexible [tTP of 2.5 in. (64 mm) and COP of 0.95] and relatively stiff [tTP of 3.5 in. (89 mm) 
and COP of 0.40] transverse plates (Figure 227). Indeed, the variation of GSCF with 
increasing NB was similar for all considered CBC and the extreme plate stiffnesses. The 
GSCF in Figure 227 are replotted in Figure 228 with respect to CBC for constant values of 
NB. These plots show that GSCF for different NB varied similarly with CBC and clustered 
within a narrow spread, exhibiting negligible interaction between NB and CBC on GSCF. 
Moreover, it was evident that the difference in GSCF for different NB (4 vs. 12) was much 
small compared to the changes due to CBC. While the influence of NB on GSCF was greater 
for more flexible plates (i.e., smaller tTP, larger COP, and larger CBC), for a given CBC in 
general GSCF was not significantly affected by NB. This result demonstrates that the 
primary flexibility of the transverse plate is controlled by the flexure of the plate in the 
radial direction, restrained about an imaginary support line through the bolt circle in the 
circumferential directon. The influence of COP on the variation of GSCF with NB showed 
very similar trend as CBC, where GSCF decayed similarly with NB for all considered COP. 
Apparently, there was little interaction effect of COP and NB on GSCF.  
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The rate of decay in GSCF with NB was almost same for all considered tube 
geometric parameters (DT and tT), although the rate appeared to be slightly larger for larger 
diameter tubes with lesser bolts, except for transverse plates fastened with 4 bolts where a 
significant influence of the number of bolts on GSCF was noted due to the matter of loading 
plane discussed earlier.In practice, the larger diameter tubes are expected to be fastened by 
larger number of bolts, and therefore this small effect of NB on GSCF for larger DT is likely 
inconsequential. The parametric studies showed that the influence of NB on GSCF has less 
interaction with the stiffness of the tube and flexibility of the plate. Moreover, the variation 
in GSCF with increasing NB is smaller compared to other geometric parameters, such as 
tTP, CBC, or COP. The differences between the GSCF with the least NB and the most NB were 
generally less than 10% of the maximum. Therefore, among the other parameters affecting 
the transverse plate flexibility, the influence of NB was the least on GSCF of the connection.  
5.1.5 Influence of Tube Diameter, DT, on GSCF 
The influence of the tube diameter on GSCF is demonstrated in Figure 232 with 
respect to the FEA results of two connections having tube diameters of 13 in. (330 mm) 
and 24 in. (610 mm), respectively. Other geometric parameters were identical: tT = 5/16 in. 
(7.9 mm); tTP = 2.5 in. (64 mm); COP = 0.85; CBC = 1.50; and NB = 8. Both models were 
analyzed for the same applied nominal stress, 12 ksi (83 MPa), at the weld toe section. The 
spatial distributions of the maximum principal stress on the deformed cross sections of the 
connections are presented in Figure 232 (a) in relation to the undeformed cross section and 
boundary. The comparison of the two deformed cross sections show that the connection 
having larger DT produced larger flexural deformation (rotation) of the transverse plate 
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resulting in larger local bending and higher stress concentration at the weld toe region. 
Since CBC and COP are directly proportional to DT, DBC and DOP increase with increasing 
DT for same CBC and COP. Thus, the flexibility of the transverse plate is also expected to 
increase with increasing DT for a given tTP. As such, the effect of DT on GSCF is expected 
to be confounded by the interactions of DOP and DBC. The gradients and the valleys of the 
stress profiles presented in Figure 232 (b) for both models were almost the same, but the 
larger tube produced larger stress and longer valley i.e., the reverse bending adjacent to the 
weld toe dissipated over a longer length along the tube as if the profiles were shifted along 
the tube axis. This observed influence of DT was in contrast to the influences of other 
geometric parameters related to the transverse plate flexibility (tTP, CBC, COP, and NB) on 
the stress profile, where the stress gradient adjacent to the weld toe and the depth of the 
valley were larger for the models producing higher GSCF, but the extent of the valley was 
the same for all cases. This difference in the observed length of decay of the out-of-plane 
stresses in the tube is investigated further in Figure 233, where the principal stress profiles 
for the same two models presented in Figure 232 (b) are plotted with respect to a distance 
normalized with √(rt), where r and t are the radius and thickness of the respective tube. As 
is evident, both plots showed similar normalized decay length, however, the larger diameter 
tube produced higher stress, larger stress gradient adjacent to the weld toe, and deeper 
valley, all of which were consistent with the other stress profiles investigated with respect 
to the parameters of transverse plate flexibility. The nearly constant normalized decay 
length irrespective of the tube diameter is also consistent with the tube bending 
characteristics discussed by Timoshenko and Woinowsky-Krieger (1959) and presented in 
Chapter 3.3. 
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To investigate the influence of DT alone on GSCF, without the confounding effect 
of the transverse plate flexibility, the 5/16 in. (7.9 mm) thick, 13 in. (330 mm) and the 24 in. 
(610 mm) diameter tubes (same as Figures 232 and 233) were analyzed with a rigid 
transverse plate. The principal stress profiles for these models are plotted in Figure 234 
against the distance from the weld toe normalized with √(rt). Interestingly, both profiles 
were identical, suggesting no effect of the tube diameter on GSCF, when the interaction 
between the tube and the transverse plate stiffness was eliminated. Similar result was also 
obtained when two tubes, 1/2 in. (13 mm) and 0.239 in. (6.1 mm) thick, but having identical 
DT [18 in. (457 mm)] were analyzed with a rigid plate, indicating no effect of the tube 
thickness on GSCF without any interaction between the plate and the tube. All models with 
rigid transverse plate produced a GSCF of about 1.35, which implies an inherent stress 
concentration in the tube at the plate interface due to incompatible deformation. This 
deformation induced stress is further precipitated by the flexibility of the transverse plate. 
This observation will be evident in the the GSCF relationship developed in the following 
sections.  
The parametric study results showing the influence of DT on GSCF are presented 
in Figures 236 through 239 for constant values of other geometric parameters within the 
basic factorials corresponding to four and eight bolts, which represented varying degrees 
of transverse plate flexibility. For the connections with four bolts, three DT of 10 in. (254 
mm), 13 in. (330 mm), and 18 in. (457 mm) were considered. For the connections with 
eight bolts, three DT of 13 in. (330 mm), 18 in. (457 mm), and 24 in. (610 mm) were 
considered. Almost linear increase in GSCF with increasing DT was noted for all tTP (Figure 
236), CBC (Figure 237), COP (Figure 238), and tT (Figure 239). The rate of increase was 
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larger for thinner transverse plates, larger CBC and COP, i.e., flexible transverse plates, and 
thicker tubes i.e., stiffer tubes, again suggesting an interaction effect of DT and other 
geometric parameters of the connection on GSCF. This interaction effect dissipates with 
reducing transverse plate flexibility.   
5.1.6 Influence of Tube Thickness, tT, on GSCF 
The effect of tT on the behavior of the connection showed similar trend as DT. The 
FEA results are presented in Figure 240 for two connections having tT of 0.239 in. (6.1 
mm) and 1/2 in. (13 mm), but with otherwise identical connection geometric parameters: 
tTP = 2.5 in. (64 mm); CBC = 1.50; COP = 0.85; NB = 8; and DT = 18 in. (457 mm). Both 
models were analyzed under identical nominal stress of 12 ksi (83 MPa) at the weld toe 
section. Figure 240 (a) shows the spatial distribution of the maximum principal stresses on 
the deformed cross section. The maximum principal stress profiles for these two 
connections are shown in Figure 240 (b). Comparing deformed shapes of the cross sections, 
larger flexural deformation (rotation) in the transverse plates were noted for the connection 
having thicker tube even though both connections had exactly same transverse plates. 
Apparently, the larger rotation of the transverse plate was due to the greater pull from the 
stiffer tube. The larger rotation in the transverse plate also introduced larger deformation 
of the tube wall, producing larger stress concentration at the weld toe region. This behavior 
again demonstrates that the stress concentration at the tube-to-transverse plate connection 
is a function of the relative stiffness of the plate and the tube. This interaction completely 
dissipates for a rigid transverse plate as was shown in Figure 235. 
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Similar to the influence of DT on the stress profile [Figure 232 (b)], the gradients 
of the stress reduction adjacent to the weld toe and the lowest values of the valleys for both 
models were almost the same. Apparently, the thicker tube produced higher stress 
concentration and longer decay of the secondary stresses, as if the profiles were shifted 
along the tube axis. This shift in the stress profile was removed when plotted with respect 
a distance from the weld toe normalized with respect to √(rt) as shown in Figure 241. As 
discussed with respect to the influence of DT, such behavior was expected since the 
deformation induced stresses in the tube is a function of √(rt).  
Increasing tT from 0.239 in. (6.1 mm) to 1/2 in. (13 mm) with identical other 
geometries also increased GSCF from 2.11 to 2.71 or by about 28%. However, it should 
be noted that a higher GSCF was not always produced by a thicker tube. Parametric study 
results showed that GSCF did not always monotonically increase with tT. Although a rigid 
transverse plate produces a constant stress concentration (Figure 235), the variation of 
GSCF depended on the flexibility of transverse plate and/or the tube diameter (curvature 
of the tube). This observation will be investigated in further detail along with parametric 
study results.  
The parametric study results showing the variation of GSCF with respect to tT for 
constant values of other geometric parameters within the basic factorials corresponding to 
four and eight bolts are presented in Figures 242 through 245. For the connections having 
four bolts, tT of 0.179 in. (4.5 mm), 0.239 in. (6.1 mm), 5/16 in. (7.9 mm), and 3/8 in. (9.5 
mm) were considered. For the connections having eight bolts, tT of 0.239 in. (6.1 mm), 5/16 
in. (7.9 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 mm) were considered. All figures show that 
GSCF varied almost linearly for all considered values of tTP (Figure 242), CBC (Figure 243), 
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COP (Figure 244), and DT (Figure 245). Higher GSCF for a particular tT and higher rate of 
increase in GSCFwere noted for smaller tTP, larger CBC, larger COP, and larger DT. To check 
the linearity of the variation of GSCF with respect to tT, linear regression was conducted 
for all cases presented in Figures 242 through 245. The regression results are tabulated in 
Table 23. For most cases, R2 value greater than 0.98 and SEE less than 0.06 were obtained. 
The smaller R2 values and relatively larger SEE (or lesser linear correlation) were primarily 
associated with COP of 0.4 and 0.55 for a 10 in. (254 mm) diameter tube, 2 in. (51 mm) tTP, 
and CBC of 1.75 as seen in Figure 244(a), where GSCF did not vary significantly with 
increasing tT. It is apparent that the subject transverse plate geometries for the given tube 
approached the condition of rigid plate, producing almost constant stress concentration (see 
discussion in Section 5.1.5).  
As noted earlier, the rate of change in GSCF with tT increased with transverse 
plate flexibility, i.e., with smaller tTP, larger COP, and larger CBC, and also with larger DT. 
To investigate the influence of NB, the variation of GSCF with respect to tT were plotted 
for the models having NB = [8, 12, and 16] (Figure 246). The other geometric parameters 
were: tTP = 2.5 in. (64 mm); CBC = 1.25; COP = 0.55; and DT = 18 in. (457 mm). These 
models were selected as they were analyzed for all considered values of NB. Although 
GSCF increased with tube thickness for all NB, the rate of change was not significantly 
different among different NB, suggesting least interaction of NB and tT on GSCF.  
As was observed earlier, the tube diameter and thickness did not have any effect 
on GSCF in the absence of an interaction between the tube and the plate (i.e., with a rigid 
plate). The relative influence of the tube and the transverse plate stiffnesses was 
investigated further by comparing GSCF for connections. Influence of the connection 
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geometric parameters was investigated separately in terms of the tube diameter and plate 
stiffness, comparison was conducted for the connections having tubes of varying diameters 
and thicknesses with relatively stiff and flexible plates (Figure 247). Plate dimensions were 
selected to be the most and the least flexible plates for the considered tube diameters within 
the parametric study matrix were selected. For relatively smaller 10 in. (254 mm) and 13 
in. (330 mm) diameter tubes shown in Figure 247 (a), the parameters of the stiffer plate 
were: tTP = 3.5 in. (89 mm); CBC = 1.25; COP = 0.4; and NB = 6; and those of the flexible 
plate were: tTP = 2.0 in. (51 mm); CBC = 2.10; COP = max; and NB = 4. For relatively larger 
18 in. (457 mm) and 24 in. (610 mm) diameter tubes shown in Figure 247 (b), the 
parameters of the stiffer plate were: tTP = 4.0 in. (102 mm); CBC = 1.25; COP = 0.4; and NB 
= 16; and those of the flexible plate were: tTP = 2.0 in. (51 mm); CBC = 1.75; COP = max; 
and NB = 8. For better visual comparison of the variation in GSCF for smaller and larger 
diameter tubes, both plots employed same scale for the ordinate and the abscissa. As is 
evident, for flexible transverse plates GSCF increased with tT for a given DT (i.e., with 
increasing tube stiffness) and at a higher rate. In addition, for a given tube thickness the 
larger diameter (i.e., stiffer tube) produced higher GSCF. For a relatively stiff transverse 
plate, GSCF was significantly less and did not appear to vary either with the tube diameter 
and/or the tube thickness, consistent with the earlier observation. Negative slope is only 
shown from the smaller DT. Due to matching scales in the ordinates and the abscissa in 
both figures, negative slope is not clearly shown. In Figure 248, negative slope was obvious 
from the variation of GSCF with increasing tT for smaller DT with stiff plate. However, it 
should be noted that the decrease in GSCF is relatively small (less than 0.1 in GSCF over 
the range of tT) compared to the connections with flexible plate and may be negligible. 
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Thus, it may be concluded that slope of the variation of GSCF with increasing tT reduces 
with stiff plate and smaller DT. Especially, variation in GSCF is insignificant with stiff 
plates.  
5.2 Development of Parametric GSCF 
An equation for predicting GSCF of groove-welded round tube-to-transverse 
plate connections as a function of the connection geometric parameters was developed by 
regression of GSCF obtained from the parametric FEA discussed earlier. The regression 
model was developed by sequentially convolving the GSCF relationships for each 
parameter. These individual relationships were modeled based on the variation trend of 
GSCF with respect to each parameter as presented in the previous section.  
5.2.1 Variation with Respect to Transverse Plate Thickness, tTP 
The variation with respect to tTP exhibited that GSCF of groove-welded tube-to-
transverse plate connections decreased exponentially with increasing tTP and 
asymptotically approached a constant value irrespective of the other geometric parameters 
of the connection (Figures 208 through 211). This exponentially decaying relationship 
between GSCF and tTP was modeled as:  
GSCF ,  0cTPa b t c
−≈ + × >  (60) 
where, a, b, and c are coefficients to be determined by regression of GSCF obtained from 
parametric FEA results. Figure 249 shows an example of the comparison between the FEA 
GSCF and the regression result (estimated GSCF) using this model for a subset of 
connections with: tTP = [2.0 in. (51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 mm), 
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and 4.0 in. (102 mm)]; CBC = 1.50; COP = 0.70; NB = 8; DT = 18 in. (457 mm); and tT = 5/16 
in. (7.9 mm). The fitted equation shown in the figure provided a coefficient of 
determination (R2) of 1.0 with a standard error of estimate (SEE) of 0.001, demonstrating 
excellent goodness of fit. Once the applicability of the regression model was verified, 
another regression of the FEA GSCF was performed for a larger subset of connections to 
confirm the validity of the regression model over a larger range of geometric parameters. 
For these connections, ranges of DT and tT considered in addition to the other parameters 
were: DT = [13 in. (330 mm), 18 in. (457 mm), and 24 in. (610 mm)]; and tT = [0.239 in. 
(6.1 mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 mm)]. These regression results 
are tabulated in Table 24. For all cases, R2 was 1.000 and SEE was less than 0.004, 
suggesting that the exponential model of Equation 60 accurately captured the relationship 
between tTP and GSCF. It may be noted from Table 24 that the coefficients a and c were 
close to 1.0 and 2.0 respectively, however, the coefficient b had a wider spread. This 
implied that the coefficient b was probably also correlated to other geometric parameters. 
The significance of the variability of the coefficients will be discussed later in terms of 
statistical tests and with respect to the fully developed GSCF equation. 
5.2.2 Variation with Respect to Bolt Circle Ratio, CBC  
The relationship between GSCF and CBC (Figures 213 through 216) indicated an 
increasing function, which asymptotically approached a constant GSCF that was more 
pronounced with flexible plates (thinner tTP and/or larger COP), and/or stiffer tubes with 
larger DT and/or thicker tT. The interaction between CBC and tTP suggested that the 
coefficients of GSCF versus tTP relationship in Equation 60 must be correlated to CBC. This 
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correlation was investigated by plotting the variation of the coefficients of Equation 60 
against CBC, where the coefficients were obtained by regressing Equation 60 for a subset 
of connections with: CBC = [1.25, 1.50, 1.75, and 2.10] and tTP = [2.0 in. (51 mm), 2.5 in. 
(64 mm), 3.0 in. (76 mm), and 3.5 in. (89 mm)]. The other common geometric parameters 
for these connections were: COP = 0.85; NB = 6; DT = 18 in. (457 mm); and tT = 5/16 in. (7.9 
mm). The coefficients a, b, and c of the regressed Equation 60 are tabulated in Table 25. 
These coefficients are also plotted with respect to CBC in Figures 250 through 252 for 
graphically demonstrating their relationship. The variation of the coefficients with respect 
to CBC showed similar mildly non-linear trend as the variation of GSCF with respect to CBC 
for constant values of other geometric parameters (Figures 213 through 216), where the 
values increased at a decreasing rate with increasing CBC. The figures exhibited that all 
coefficients of Equation 60 were correlated with CBC; however, much smaller variation of 
the coefficients a and c compared to the coefficient b indicated that the coefficients a and 
c were weakly correlated, and the coefficient b was strongly correlated. Accordingly, the 
correlation between the coefficient b and CBC was considered further for the GSCF 
equation, and their nonlinear relationship was modeled as: 
,     0fBCb d e C f= + × >   (61) 
where, d, e, and f are the coefficients. Due to decreasing rate of increase in GSCF with 
increasing CBC, it was expected that the coefficient f will be positive but less than 1.0. 
Substituting Equation 61 for b in Equation 60 yielded:  
( )GSCF ,   0 and 0f cBC TPa d e C t c f−≈ + + × × > >  (62) 
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where, a, c, d, e, and f are the coefficients of the regression equation, to be determined by 
fitting through GSCF obtained from parametric FEA. The applicability of the regression 
model in Equation 62 was examined for a subset of connections with: tTP = [2.0 in. (51 
mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 mm), and 4.0 in. (102 mm)]; CBC = [1.25, 
1.50, and 1.75]; COP = 0.85; NB = 8; DT = 13 in. (330 mm); and tT = 0.239 in. (6.1 mm). 
The results of this regression (estimated GSCF) for different tTP are plotted with respect to 
CBC in Figure 253, along with FEA GSCF. As is evident by R2 and SEE of 0.998 and 0.012 
respectively, the regression model matched very well with the FEA results, demonstrating 
the goodness of fit and validity of the regression model. The applicability of the regression 
model was further investigated for a larger subset of connections, where a ranges of DT and 
tT were considered in addition as: DT = [13 in. (330 mm), 18 in. (457 mm), and 24 in. (610 
mm)]; and tT = [0.239 in. (6.1 mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 mm)]. 
These regression results are presented in Table 26, where R2 was at least 0.997, and SEE 
was less than 0.057, suggesting consistent prediction by the model.  
5.2.3 Variation with Respect to Number of Bolts, NB  
The variation of GSCF with respect to NB showed an exponentially decreasing 
trend, which asymptotically approached a constant GSCF (Figures 225 through 231). The 
influence of NB was more significant for flexible transverse plates i.e., smaller tTP, and 
larger COP. In general, little interaction was noted between NB and CBC, and NB and COP on 
GSCF. Apparently NB was most correlated with tTP, which was investigated by plotting the 
variations of each coefficient in Equation 62 with respect to NB. The coefficients were 
obtained by conducting regression for a subset of connections with: NB = [6, 8, 12, and 16]; 
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tTP = [2.0 in. (51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 mm), and 4.0 in. (102 
mm)]; and CBC = [1.25, 1.50, and 1.75]. The other common geometric parameters were: 
COP = 0.85; DT = 18 in. (457 mm); and tT = 5/16 in. (7.9 mm). The estimated coefficients of 
the regressed equation (Equation 62) are tabulated in Table 27. The variations of the 
coefficients with respect to NB are also plotted in Figures 254 through 258 to graphically 
assess their correlation. Out of the five coefficients in Equation 62, only the coefficient e 
exhibited some correlation with NB. The coefficient c, which is the exponent of tTP 
remained almost constant (varying between 2.0 and 2.1) for all considered NB, suggesting 
that the influence of plate thickness on GSCF was independent of NB. The coefficient f, 
which is the exponent of CBC, was close to zero for all NB of 6, 8 and 12, suggesting 
practically no interaction effect of NB and CBC on GSCF. Since the coefficient e decreased 
with increasing NB, a decaying function of the coefficient e representing the effect of NB 
on GSCF was modeled as: 
r
Be p q N
−= + × , 0r >   (63) 
where, p, q, and r are the coefficients. Due to the inverse relationship of e and NB, it was 
expected that the coefficient r would be positive. Substituting Equation 63 for coefficient 
e in Equation 62, the following regression model was obtained, involving tTP, CBC, and NB.  
( )GSCF , 
0,  0,  and 0
r f c
B BC TPa d p q N C t
c f r
− − ≈ + + + × × × 
> > >
 (64) 
where, a, c, d, f, p, q, and r are the coefficients, determined by fitting through GSCF 
obtained by parametric FEA. The applicability of the regression model was examined for 
a subset of connections with: tTP = [2.0 in. (51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 
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in. (89 mm), and 4.0 in. (102 mm)]; CBC = [1.25, 1.5, and 1.75]; COP = 0.85; NB = [4, 6, 
8,12, and 16]; DT = 18 in. (457 mm); and tT = 5/16 in. (7.9 mm). The estimated GSCF for 
the subset from the regressed equation are plotted in Figure 259 as ordinate against FEA 
GSCF as abscissa. The regression equation with the determined coefficients is also shown 
on the figure. For an exact correlation (R2 values of 1.0 and zero SEE), each point on this 
plot should fall on a straight line of slope 1.0. This ideal line is shown on the plots for a 
visual comparison of the model accuracy over the analyzed subset. The regression model 
showed good correlation, however, R2 decreased from 0.997 to 0.984 compared to the 
regression results of Equation 62 presented in Table 26. To improve the accuracy of the 
regression result, the regression model was modified by dropping the coefficient p in 
Equation 64 and reorganizing the regression model as: 
( )GSCF ,  0,  0,  and 0f g cBC B TPa d e C N t c f g− −≈ + + × × × > > >  (65) 
where, a, c, d, e, f, and g are the coefficients to be determined by regression analysis. A 
regression was conducted for the same subset of connections used for verifying Equation 
64, and the results are presented in Figure 260. The accuracy of the modified regression 
model was improved as indicated by an increased R2 from 0.984 to 0.993 and decreased 
SEE from 0.063 to 0.039. Applicability of the regression model was further evaluated by 
conducting regression analyses for an expanded subset of connections, where in addition 
DT and tT were varied as: DT = [13 in. (330 mm), 18 in. (457 mm), and 24 in. (610 mm)]; 
and tT = [0.239 in. (6.1 mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 mm)]. As 
tabulated in Table 28, all regression analyses produced R2 and SEE values in the ranges of 
 207 
 
 
0.992~ 0.998 and 0.018 ~ 0.047 respectively, demonstrating goodness of fit and validity of 
the modified regression model. 
5.2.4 Variation with Respect to Transverse Plate Opening Ratio, COP  
As was evident, GSCF increased exponentially with increasing COP or decreased 
exponentially and asymptotically approached to a constant GSCF with decreasing COP 
(Figures 218 through 221). The rate of change was greater for thinner tTP, and larger CBC, 
and therefore, interactions between COP, CBC, and tTP on GSCFwere expected. The 
correlation between the coefficients of Equation 65 and COP was investigated by plotting 
the variation of each coefficient of the equation against COP, where the coefficients were 
determined by regression analyses of a subset of connections with: COP = [0.40, 0.55, 0.70, 
0.85, and 0.91]; tTP = [2.0 in. (51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 mm), 
and 4.0 in. (102 mm)]; CBC = [1.25, 1.50, 1.75, and 2.10]; and NB = [4, 6, 8, 12, and 16]. 
The other common geometric parameters were: DT = 18 in. (457 mm); and tT = 5/16 in. (7.9 
mm). The estimated coefficients of Equation 65 are tabulated in Table 29. The coefficients 
are also plotted with respect to COP in Figures 261 through 266 to graphically demonstrate 
their correlation. No clear correlation between the coefficients and COP could be discerned, 
even though a trend was observed from Figures 218 through 221 depicting the the influence 
of COP on GSCF. One possibility for such lack of correlation could be the limited data used 
for the regression analyis. Recognizing the exponential increase of GSCF with increasing 
COP, a term representing such behavior and asymptotically approaching to a constant value 
with decreasing COP was convolved to Equation 65 as: 
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( )GSCF , 
0,  0,  0,  and 0
f g c
BC B TPj
OP
h
a d e C N t
i C
c f g j
− −
−
 
≈ + + × × × 
+ 
> > > >
 (66) 
where, a, c, d, e, f, g, h, i, and j are the coefficients of the regression model. Applicability 
of the regression model in Equation 66 was examined for a subset of connections with: tTP 
= [2.0 in. (51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 mm), and 4.0 in. (102 
mm)]; CBC = [1.25, 1.50, 1.75, and 2.10]; COP = [0.40, 0.55, 0.70, 0.85, 0.91]; NB = [4, 6, 
8,12, and 16]; DT = 18 in. (457 mm); and tT = 5/16 in. (7.9 mm). As is evident from Figure 
267, the regression model showed good correlation having R2 of 0.990 and SEE of 0.050 
indicating validity of the regression model. Applicability of the regression model was 
further investigated by conducting regression for a larger subset of connections, where in 
addition DT and tT were varied as: DT = [13 in. (330 mm), 18 in. (457 mm), and 24 in. (610 
mm)]; and tT = [0.239 in. (6.1 mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 mm)]. 
As tabulated in Table 30, regression analyses for larger subset of connection produced R2 
and SEE in ranges of 0.989~0.995 and 0.024~0.078, respectively. The regression model 
given in Equation 66 accurately described the relationship between GSCF and the 
geometric parameters related to transverse plate flexibility (tTP, CBC, COP, and NB) for any 
DT and tT.  
5.2.5 Variation with Respect to Tube Diameter, DT  
As was evident in Figures 236 through 239, GSCF increased monotonically with 
DT. The rate of the increment was dependent on other geometric parameters, such as tTP, 
CBC, COP (defining the transverse plate flexibility), and tT (defining the tube stiffness) 
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suggesting that DT must be correlated to the coefficients in Equation 66. The correlations 
between DT and the coefficients of Equation 66 were investigated in a similar fashion as 
before, by plotting each coefficient with respect to DT and performing regression 
analyses.The first series of studies was conducted for the subset of connections with: DT = 
[10 in. (254 mm), 13 in. (330 mm), 18 in. (457 mm), and 24 in. (610 mm)]; tTP = [2.0 in. 
(51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 mm), and 4.0 in. (102 mm)]; CBC = 
[1.25, 1.50, 1.75, and 2.10]; COP = [0.40, 0.55, 0.70, 0.85, and max]; and NB = [4, 6, 8, 12, 
and 16]. The tube thickness was held constant at 5/16 in. (7.9 mm). Estimated coefficients 
in Equation 66 are tabulated in Table 31. Each estimated coefficients are also plotted with 
respect to DT in Figures 268 through 276 to graphically demonstrate their correlation. The 
variations of the coefficients a, c, d, e, and i with respect to DT did not appear to 
demonstrate any correlation.  
The variations of the coefficients f, and g, with respect to DT showed an upward 
convex trend, which could be formulated by second order polynomials of DT. However, 
the values of these coefficients were extremely small (close to zero).Noting that they are 
the exponents of CBC and NB in Equation 66, and strong influence of CBC on GSCF, it is 
concluded that f and g are not correlated with DT.  
The coefficient j, which is the exponent of COP was also close to zero for DT less 
than 18 in. (457 mm), and then rapidly increased to a value slightly greater than 1.0 for DT 
= 24 in. (610 mm). The strong influence of COP on transverse plate flexibility and GSCF 
suggests that j cannot be close to zero. The apparent dependency of j on DT for larger DT is 
probably due to the relationship of DT and COP, which is defined as the ratio of the 
transverse plate opening with respect to DT. Due to the strong influence of the transverse 
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plate opening on its flexibility, it is possible that larger diameter tubes resulting in larger 
plate opening can exhibit an interaction effect on GSCF. Considering the value of j for 
larger DT is about 1.0, the correlation of j and DT is not considered further. 
Substituting these coefficients as second order polynomial of DT (according to the 
variations in Figures 272, 273, and 276) are unlikely to produce a linear monotonic 
increasing trend of GSCF with increasing DT, unless the influences of CBC, NB, and COP in 
Equation 7 cancel each other. In view of the strong dependence of GSCF on CBC and COP, 
the later scenario is not possible. The coefficients, f, g, and j, could not simulate monotonic 
increasing trend in GSCF with increasing DT.  
Coefficient h exhibited a monotonically increasing trend with increasing DT, 
which was similar to the variation trend of GSCF with respect to DT. Accordingly, the 
correlation between coefficient h and DT was modeled as: 
m
Th k l D= + ×   (67) 
where, k, l, and m are the coefficients. Due to monotonic increase in GSCF with increasing 
DT, it was expected that the coefficient m would be positive. Since h is a constant, instead 
of substituting Equation 67 for h in Equation 66, Equation 8 was convolved to Equation 66 
without any loss of general form:  
( ) ( )GSCF , 
0,  0,  0,  0 and 0
f g m c
BC B T TPj
OP
h
a d e C N k l D t
i C
c f g j m
− −
−
 
≈ + + × × + × × 
+ 
> > > > >
 (68) 
where, a, c, d, e, f, g, h, i, j, k, l, and m are the coefficients of the regression model. The 
applicability of the regression model in Equation 68 was examined for a subset of 
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connections with: tTP = [2.0 in. (51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 mm), 
and 4.0 in. (102 mm)]; CBC = [1.25, 1.50, 1.75, and 2.10]; COP = [0.40, 0.55, 0.70, 0.85, 
max]; NB = [4, 6, 8, 12, and 16]; DT = [10 in. (254 mm), 13 in. (330 mm), 18 in. (457 mm), 
and 24 in. (610 mm)]; and tT = 5/16 in. (7.9 mm). The estimated GSCF obtained from the 
regression model is plotted against corresponding FEA GSCF in Figure 277. Even though 
the number of coefficients had increased, the regression model showed good correlation 
with R2 of 0.990 and SEE of 0.051 respectively, demonstrating goodness of fit and validity 
of the model. Applicability of the regression model was further investigated on a larger 
subset of connections, where in addition tT was varied as: [0.179 in. (4.5 mm), 0.239 in. 
(6.1 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 mm)]. As tabulated in Table 32, the regression 
analyses produced R2 and SEE in ranges of 0.990 ~ 0.995 and 0.021 ~ 0.060, respectively, 
demonstrating accuracy of the model.  
5.2.6 Variation with Respect to Tube Thickness, tT  
Figures 242 through 246 showed that GSCF varied almost linearly with tT for all 
considered geometric parameters. Linear relationship between GSCF and tT was already 
proved in Section 5.1.6. The slope of linear variation was decreased with stiffer transverse 
plates and smaller diameter tubes.  
As discussed in Section 5.1.6, tT influenced GSCF for connections having flexible 
transverse plates. This influence of tT on GSCF increased with the plate flexibility and the 
DT. Thus, the influence of tT on GSCF was correlated with tTP, CBC, COP, NB, and DT. As 
shown in Figures 242 through 246 GSCF varied almost linearly with tT for all considered 
geometric parameters, except for very stiff plates with relatively smaller diameter tubes, 
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which exhibited mild non-linearity. Because of very small influence of tT on GSCF (and 
small change) for the relatively stiffer plates, however, this non-linearity was ignored 
[Figure 244 (a)]. The correlations between tT and the coefficients in Equation 68 were 
investigated in terms of the variation of each coefficient with respect to tT for the models 
analyzed in the previous section (Table 32). These coefficients are tabulated in Table 33 
for each tT. The variations of the coefficients with respect to tT are also plotted in Figures 
278 through 289. The coefficients a and c showed a linearly decreasing trend with with 
increasing tT, although their variations were small (approximately 1.27 – 1.38 for a and 
approximately 1.8 – 2.0 for c). The coefficient a was a constant additive term, which did 
not interact with other geometric parameters. The coefficient c was the exponent to tTP. 
Some interaction between tT and tTP on GSCF was expected for flexible transverse plates, 
which could influence the value of the exponent c. Due to the small change in c values 
(approximately 1.8 – 2.0) over the range of considered geometric parameters for the 
parametric study, however, it was apparent that any interaction effect of tT and tTP on GSCF 
through c was weak. Moreover, the linear variation in coefficient c with tT in the exponent 
of tTP would not yield linear variation in GSCF with tT. The coefficients d and e, although 
large, varied randomly about an average value over the range of tT. The coefficient f, also 
did not show any clear trend of variation with tT. , but more importantly was very small 
and being an exponent of CBC, which had a strong influence on GSCF, was unlikely to be 
correlated with tT. The coefficient g was also quite small and being the exponent of NB that 
apparently had little influence on GSCF, was not correlated to tT. The coefficient h varied 
randomly about a mean value and did not show any correlation with tT. The coefficients i 
and j showed very similar variation (both magnitude and trend) as with DT, which were 
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determined from Equation 67 that did not include the effect of tT. This implies that the 
coefficients i and j were not correlated with tT. The coefficient k showed a strong and almost 
linearly decreasing relationship with tT. The coefficient l on the other hand showed an 
oscillatory trend about an increasing mean with increasing tT. Since this coefficient was 
associated with DT and the values ranged between approximately 0.3 and 1.3 for all 
considered geometric parameters, such interaction between DT and tT appeared to be 
spurios. The coefficient m, which was the exponent of DT, dropped rapidly from about 1.5 
to 1.0 as tT increased from 3/16 in. (4.8 mm) to 1/4 in. (6.4 mm) and remained about 1.0 for 
all other thicknesses. An interaction between DT and tT could be expected, but such rapid 
change appeared spurious. Thus, only the coefficient k was likely linearly correlated with 
tT. Instead of replacing k with a relationship involving tT, the influence of tT on GSCF was 
incorporated by convolving a linear expression involving tT onto the regression model of 
Equation 68. Note that k being an independent constant term, this approach did not affect 
the results. The resulting regression model is given as: 
( )
( ) ( )
GSCF
,
 0, 0,  0,  0,  and 0
f g
BC B j
OP
m c
T T TP
h
a d e C N
i C
k l D n o t t
c f g j m
−
−
−
 
≈ + + × × × + 
× + × × + × ×
> > > > >
 (69) 
where, a, c, d, e, f, g, h, i, j, k, l, m, n, and o are the coefficients of the regression model. 
Regression was performed over all available FEA GSCF of groove-welded round tube-to-
transverse plate connections. The regression model exhibited R2 of 0.991 and SEE of 0.053 
demonstrating the goodness of fit and validity of the regression model. The final regressed 
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relationship for estimating groove-welded round tube-to-transverse plate connection is 
presented as: 
( )
( ) ( )
0.0674 0.0029
0.689
1.12 1.95
1.0
GSCF 1.35 0.982
0.764
2.6 0.446 1.0 17.3
BC B
OP
T T TP
C N
C
D t t
−
−
−
 
≈ + − × × 
− + 
× − × × + × ×
 (70) 
The FEA GSCF and the corresponding predicted GSCF are plotted in Figure 290. All 
points plotted about an ideal line of slope 1.0, demonstrating that GSCF of tube-to-
transverse plate groove welded connections can be predicted with high accuracy using the 
developed relationship. As an example, parametric FEA GSCF and estimated GSCF 
obtained from Equation 70 are plotted in Figure 290 with respect to tTP for various DT. 
Geometric parameters considered for the figure were: tTP = [2.0 in. (51 mm), 2.5 in. (64 
mm), 3.0 in. (76 mm), 3.5 in. (89 mm), and 4.0 in. (102 mm)]; CBC = 1.75; COP = 0.85; NB 
= 8; and tT = 5/16 in. (7.9 mm). As is evident, the GSCF predictions matched very well the 
FEA results. It should be noted that the constant additive term of Equation 70, which is 
1.35, is same as GSCF of the connection with rigid plate. Due to the inherent characteristics 
of CBC, NB, and COP, it is impossible to make rigid plate with these parameters. Transverse 
plate thickness is the only parameter that can make rigid plate and Equation 70 becomes 
1.35 when the plate has infinite thickness. This observation demonstrates that the 
regression model accurately represents the behavior of the grove-welded connections.  
Statistical evaluations on the estimated coefficients in Equation 70 are listed in 
Table 34. Small standard error and large t-statistics for all estimated coefficients indicated 
that each coefficient could not be zero and contributed significantly to the regression model, 
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because zero value of a coefficient represents that the regression model is not valid. Small 
P values indicated that the probability of being wrong in concluding that the coefficient 
was not zero was small. It means that the conclusion that the estimated coefficients 
contributed significantly was correct. As a result, statistical evaluation on the estimated 
coefficients indicated that the regression model may produce reliable estimated GSCF for 
unstiffened groove-welded tube-to-transverse plate connections. Standard residuals of each 
FEA GSCF data are plotted with respect to the estimated GSCF in Figure 292. Minor trend 
was observed from the distribution of standard residuals. The distribution of standard 
residuals should be randomly distributed for the regression model, which perfectly 
simulates the observations. The plot showed that the residuals larger than ±2 were slightly 
spreading out with larger GSCF, which meant that the regression model could not perfectly 
simulate sample data. Q-Q plot for standard normal distribution also prepared to check the 
randomness of the residuals (Figure 293). This plot showed that most of the data points 
except some outliers were well aligned linearly along the reference line. Although the 
standard residual plot presented minor trend, the plots which directly compared FEA and 
estimated GSCFs showed relatively smaller errors. Thus, it may be concluded that the 
regression model (Equation 70) produces accurate estimation. 
5.3 Identification of Critical Parameters and Simplified Parametric GSCF  
Since many geometric parameters were considered in the proposed equations to 
improve their accuracy, irrespective of the relative importance or significance of each 
parameter, the equations looked unwieldy and were perceived to be too complex for ready 
application. The simplification of these equations to more acceptable forms required 
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eliminating some of the less important (significant) parameters, and/or rounding the 
constants and exponents to less significant numbers, resulting in reduced accuracy in the 
predicted GSCF. 
The following approach was adopted in an effort to simplify the proposed 
equations for GSCF. To determine the importance (or significance) of each parameter of 
an equation, the parameters were dropped one at a time and non‐linear regressions were 
performed using the reduced models of the equations on the GSCFs obtained from the 
parametric FEA of the connections. The GSCFs from the reduced equations were plotted 
against the GSCFs from the FEA. Ideally for an exact match, when the estimated GSCFs 
and corresponding FEA GSCFs are the same, the plotted values should follow a line of 
slope 1.0 passing through 1.0. In reality, however, the plots were dispersed around the ideal 
line. A qualitative impact of each neglected parameter was assessed from the correlation 
of the plotted values given by the correlation coefficient, R2 value, standard error of 
estimate, and the dispersion of the plotted values about the ideal line. Residual analysis 
was also conducted for selected cases. The parameters that exhibited nominal effects on 
the GSCFs (manifested by higher correlation of regression and less error range despite of 
eliminating the particular parameter) were eliminated from the regression models to 
simplify the equations. In addition, the coefficients and the exponents of the equations were 
rounded to lesser significant digits.  
The results of dropping each parameter at a time from the GSCF equation are 
shown in Figures 294 to 299, along with the regression model (equation) in each case. As 
each of the parameters was ignored, R2 values reduced and SEE increased compared to 
Equation 70. A reasonable regression model could not be established by excluding DT. 
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Practically no correlation existed between the GSCF estimated by the regression model 
that excluded DT and the FEA GSCF. This indicated that DT was the most significant 
parameter that affected the GSCF and hence the fatigue performance of tube-to-transverse 
plate groove welded connections. Similar low correlation and high error range was noted 
when tTP was dropped from the regression model (Figure 299). The opening diameter in 
the transverse plate (DOP) or the COP exhibited similar significance as tTP. It appears that 
the error introduced by neglecting either tTP or COP was compensated by the other. This 
observation is reasonable, since the GSCF of a tube-to-transverse plate connection depends 
on the transverse plate flexibility, and the transverse plate flexibility is a function of the 
plate thickness and the plate opening. The strong dependence of the GSCF on DT is also 
consistent with the behavior of galvanized groove welded tube-to-transverse plate 
connections, where the plate opening is provided at a certain relationship to DT for easy 
drainage of liquid zinc. With increasing DT, the flexibility of the transverse plate increases 
due to increased plate opening resulting in higher GSCF.  
The results of the above exercise are tabulated in Table 35. Based on the 
correlation coefficients the importance of the parameters in decreasing order is: DT, tTP, 
COP, CBC, tT, and NB. Neglecting NB had the least effect on the accuracy of the equation for 
estimating GSCF for groove-welded round tube-to-transverse plate connections. 
Accordingly, it was decided to eliminate NB from the GSCF equation without affecting the 
accuracy of the estimated GSCF significantly. The equation was further simplified by 
rounding the coefficients and exponents in the regressed equation and manually adjusted 
to reduce the error (Figure 300). 
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The final form of the equation was much simplified compare to Equation 70. R2 
value was reduced from 0.991 to 0.961, and SEE was increased from 0.053 to 0.112. The 
distribution of standard residual in Figure 301 shows clear trend. The residuals become 
larger as the estimated GSCFs become larger. The standard residual plotted in Q-Q plot 
presents S shape curve. However, the dispersion of the estimated values is in acceptable 
range. 
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6 PARAMETRIC EQUATION OF FINITE LIFE FATIGUE RESISTANCE 
FOR UNSTIFFENED ROUND FILLET-WELDED TUBE-TO-
TRANSVERSE PLATE CONNECTIONS 
This chapter describes the influence of the geometric parameters in unstiffened 
round fillet-welded tube-to-transverse plate connection on GSCF and the procedure for 
developing parametric equation. As it was discussed in Section 4.1, geometry of the fillet-
welded connection is very similar compared to groove-welded connections. Only the 
opening size and the position of the tube are different. The opening size in the transverse 
plate is always same as the tube diameter to insert the tube in to the plate. Once the tube is 
inserted to the plate, the tube is welded to the plate at the bottom of the tube and the top of 
the plate. As such, it may be considered that the behavior of the fillet-welded connection 
would be similar to the groove-welded connection. The influence of each geometric 
parameter in fillet-welded connection will be investigated in a similar manner, and the 
parametric equation will be developed.  
6.1 Influence of Geometric Parameters on GSCF 
As it was discussed in Section 4.1, the geometric parameters considered for 
unstiffened round fillet-welded tube-to-transverse plate connections is identical to the 
parameters of unstiffened groove-welded tube-to-transverse plate connections except the 
opening in the transverse plate. Due to the resemblance in geometries of both connections, 
the influences of geometric parameters of the fillet-welded connections on GSCF are 
identical to the influence in the groove-welded connections (Figures 303 through 316). The 
basic factorials of parametric study results presented in the figures are identical to what 
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was used for groove-welded connections. Since DOP in fillet-welded connection is same as 
DT, fillet-welded connections might have correlation with the influence of COP on GSCF 
in groove-welded connections. The influences of COP on GSCF for three different DT are 
plotted including parametric study results of fillet-welded connections (Figure 317). 
Geometric parameters considered were tTP = 2.0 in. (51 mm), CBC = 1.75, COP = [0.4, 0.55, 
0.7, 0.85, 0.93, and 1.0], NB = 4, DT = [10 in. (254 mm), 13 in. (330 mm), and 18 in. (457 
mm)], and tT = 0.179 in. (4.5 mm). The results for COP = 1.0 are from the parametric study 
results of fillet-welded connections. As is evident from the figure, exponential increment 
relationship of GSCF with respect to increasing COP, which was found from the parametric 
study of groove-welded connections, was shown even including the parametric study 
results of fillet-welded connections.  
In Chapter 5, it was found that DT and tT did not have any effect on GSCF of the 
groove-welded connections in the absence of an interaction between the tube and the plate 
(Figures 234 and 235). To investigate the influence of DT and tT of the fillet-welded 
connections alone on GSCF, without the confounding effect of the transverse plate 
flexibility, the fillet-welded connections having DT = [13 in. (330 mm), and 24 in. (610 
mm)] with tT = 5/16 in. (7.9 mm) and DT = 18 in. (457 mm) with tT = [0.239 in. (6.1 mm), 
and 1/2 in. (13 mm)] were analyzed with rigid plates. The maximum principal stress profiles 
for these connections are plotted in Figure 318 against the distance from the weld toe 
normalized with √(rt), where r and t are the radius and the thickness of the tubes. As it was 
shown from the results of the groove-welded connections with rigid plates, all stress 
profiles were almost identical and GSCF of all cases were close to 1.35, which was the 
GSCF obtained from the groove-welded connections with rigid plates. The results proved 
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that the effects of tube geometry on their behavior without the influence of the flexibility 
of the transverse plate are the same for fillet- and groove-welded connections. Also, the 
inherent geometric stress concentrations in the tube at the plate interface due to 
incompatible deformation for both connections are identical.  
6.2 Development of Parametric GSCF 
In previous section, it was found that the influences of geometric parameters in 
fillet-welded connections on GSCF were identical to groove-welded connections. The 
same form of the parametric equation (Equation 70 in Section 5.2.6) was used as a 
regression model for the fillet-welded connection. Since COP in fillet-welded connection is 
always constant, the term representing the influence of COP was neglected. A question 
might be arise that regression equation for groove-welded connection could be used for 
fillet-welded connection with COP of 1.0 instead of conducting regression analysis for fillet-
welded connection. However, it is not appropriate approach because the range of COP 
considered for the regression for groove-welded connection was from 0.40 to around 0.95, 
which was the possible maximum opening ratio. Since COP of 1.0 was out of the range, the 
parametric equation for groove-welded connection could not be used for estimating GSCF 
of fillet-welded connections. Therefore, following equation was used as a regression model 
for fillet-welded connections. 
( ) ( ) ( )GSCF ,
 where 0, 0,  0,  and 0
d e h k
BC B T T TPa b c C N f g D i j t t
d e h k
− −≈ + + × × × + × × + × ×
> > > >
 (72) 
where a, b, c, d, e, f, g, h, i, j, and k were the coefficients to be determined by regression 
analysis. Regression was performed over all available GSCF data of fillet-welded round 
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tube-to-transverse plate connections. The regression model exhibits R2 value of 0.989 and 
SEE of 0.068 demonstrating the goodness of fit and validity of the regression model. The 
final regressed relationship for estimating fillet-welded round tube-to-transverse plate 
connections is presented as: 
( )
( ) ( )
0.0474 0.0105
1.15 2.36
GSCF 2.16 0.908 0.924
14.6 1.17 4.54 52.1
BC B
T T TP
C N
D t t
−
−
≈ + − × ×
× − × × + × ×
 (73) 
The FEA GSCF and the corresponding predicted GSCF are plotted in Figure 319. All 
points plotted about an ideal line of slope 1.0, demonstrating that GSCF of the fillet-welded 
connections can be predicted with high accuracy using the developed relationship. As an 
example, parametric FEA GSCF and estimated GSCF obtained from Equation 73 are 
plotted in Figure 320 with respect to tTP for various CBC. Geometric parameters considered 
for the figure were: tTP = [2.0 in. (51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. (89 
mm), and 4.0 in. (102 mm)]; CBC = [1.25, 1.50, 1.75]; NB = 8; DT = 18 in. (457 mm); and 
tT = 5/16 in. (7.9 mm). As is evident, the GSCF predictions matched very well with the FEA 
results.  
Statistical evaluation on the estimated coefficients in Equation 73 are listed in 
Table 36. Small standard error and large t-statistics for all estimated coefficients indicated 
that each coefficient could not be zero and contributed significantly to the regression 
model. Small P values indicated that the probability of being wrong in concluding that the 
coefficient was not zero was small. It means that the conclusion that the estimated 
coefficients contributed significantly was correct. Standard residuals of each FEA GSCF 
data are plotted with respect to the estimated GSCF in Figure 321. No trend was observed 
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from the distribution representing random distribution of errors. Q-Q plot for standard 
normal distribution also prepared to check the randomness of the residuals (Figure 322). 
This plot shows that most of the data points are well aligned linearly along the reference 
line. Therefore, the regression model (Equation 73) is well established to produce accurate 
estimation. 
6.3 Identification of Critical Parameters and Simplified Parametric GSCF 
Similar to equation development, same approach presented in Section 5.3 was 
applied to simplify Equation 73. The results of dropping each parameter at a time from the 
GSCF equation are shown in Figures 323 to 327, along with the regression model 
(equation) in each case. R2 values reduced and SEE increased compared to Equation 73 as 
each of the parameters was ignored. The least correlation and the maximum error were 
noted when the tTP was dropped from the regression model (Figure 327). This observation 
is consistent with the behavior of tube‐to‐transverse plate connections, where the tTP is 
known to have the most significant contribution to the out‐of‐plane bending of the tube and 
the resulting GSCF. Similar low correlation and high error range was noted when the DT 
was dropped from the regression model (Figure 326). This observation is also consistent 
with the behavior of fillet-welded tube-to-transverse plate connections. With increasing 
DT, the flexibility of the transverse plate increases (increased opening for fillet-welded 
connections) resulting in higher GSCF. Thus, the DT is also a significant parameter for 
these connections.  
The results of the above exercise are tabulated in Table 37. Based on the 
correlation coefficients the importance of the parameters in decreasing order is: tTP, DT, 
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CBC, tT, and NB. As is evident, neglecting the NB had the least effect on the accuracy of the 
equation for estimating GSCF. Accordingly, it was decided to eliminate NB from the GSCF 
equation without significantly affecting the accuracy of the estimated GSCF. The equation 
was further simplified by rounding the coefficients and exponents in the regressed 
equation. Moreover, the coefficients were manually adjusted to minimize the error.  
( ) ( ) ( )0.03 1.2 2.5GSCF 2.2 4.6 1 2 15 10BC T T TPC t D t −≈ + × − × + × × − ×  (74) 
R2 value was reduced from 0.989 to 0.968, and SEE was increased from 0.068 to 
0.123 (Figure 328). The distribution of standard residual in Figure 329 shows that the 
residuals are slightly shifted to the negative side. Similar observation was made from the 
Q-Q plot for the simplified equation (Figure 330). The residuals are slightly shifted below 
the reference line. However, the dispersion of the estimated values is in acceptable range. 
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7 PARAMETRIC EVALUATION OF FINITE LIFE FATIGUE 
RESISTANCE OF UNSTIFFENED MULTI-SIDED TUBE-TO-
TRANSVERSE PLATE FILLET-WELDED CONNECTIONS 
The main difference between rounded and multi-sided tube-to-transverse plate 
welded connection is the shape of tubular cross sections. As it is shown in Figure 331, 
multi-sided tubes are fabricated by folding flat plates with a constant distance to make 
closed cross section. As a result, the cross section of multi-sided tube is composed of flat 
faces and rounded corners. The flat faces and rounded corners in tubular cross section 
employs two additional geometric parameters, which are number of sides (NS) and inner 
bend radius (rb). With more number of sides or larger bend radius, the cross section of a 
tube becomes similar to the cross section of a round tube, but the maximum inner bend 
radius cannot exceed the inner radius of a tube. Because of the existence of the flat face in 
the tube cross section, a question may arise that the geometric stress definition developed 
based on the roudn tubular connection could not be used. For example, if there is a tube 
having very large diameter and less number of sides, the fatigue resistance of the 
connection might be controlled by the fatigue cracking in the flat face-to-plate welded 
connection. It can be resolved by limiting the sharpness of bend corner, which will be 
discussed in the later section. In current AASHTO specification, NS and rb are limited based 
on the tube diameter. The factor ∆, which represents the difference between the radius of 
inscribed circle and the distance from the center to the sharp bend corner (Section 7.6), is 
limited to less than 1/2 in. (13 mm). This limitation prevents designing multi-sided tube 
cross secion having sharp bend corner condition and provides round-like tube cross section 
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to improve fatigue performance. Geometric stress concentrations of multi-sided tube-to-
transverse plate fillet-welded connection having outer flat-to-flat distance = 13 in. (330 
mm), NS = 8, rb = 1/2 in. (13 mm), and ∆ = 1/2 in. (13 mm) and two round tube-to-transverse 
plate fillet-welded connections having diameters of the inscribed and circumscribed circle 
[13 in. (330 mm) and 14.1 in. (358 mm), respectively] of the multi-sided tube were 
compared in Table 38. Other dimensions of the connections were: tTP = 2 in. (51 mm), CBC 
= 1.54, NB = 4, and tT = 1/4 in. (6.4 mm). The results shows that the difference in GSCF for 
the multi-sided tubular connection with sharp bend corner and the round tubular connection 
was only about 20%.  
Although the multi-sided tube cross section is controlled to be like a round section 
by limiting ∆, applicability of √(rt) stress for determining geometric stress should be 
validated, because dependancy of √(rt) for longitudinal stress along the direction of the 
tube was verified by the round tubular connections. The characteristics of the stress 
behavior of typical round tubular welded connections is the steep stress gradient adjacent 
to the weld toe and low stress region due to the reverse bending away from the weld toe as 
it was presented in Chapters 1 and 3. Longitudinal stress profile along the bend corner of 
the mast-arm of the specimen Type VII plotted with respect to the distance from weld toe 
normalized by √(rt) presented similar stress profiles of round tube-to-transverse plate 
connections (Figure 332 and 333). The radius used for the normalization can be defined by 
outer flat-to-flat distance (Figure 332) or outer corner-to-corner distance (Figure 333) of 
the multi-sided tube section. To verify the dependency of √(rt) for longitudinal stresses, 
regression analysis was performed using a model representing longitudinal stress of a tube 
under uniformly distributed bending moment along the tube edge shown in Equation 24. 
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In Chapter 3, it was demonstrated that this equation was valid for the round tube-to-
transverse plate welded connections. The regression result plotted with the longitudinal 
stress profile demonstrated that the exponential decay in the equation representing the steep 
stress gradient matched very well with the longitudinal stresses, but discrepancy existed in 
the reverse bending region. However, since the geometric stress concentration is 
determined by the stress near the weld toe, the geometric stress obtained from the distance, 
which is a factor of √(rt), could be used. To determine the radius of the multi-sided tube 
section, outer flat-to-flat distance is more appropriate. As it is shown in Figure 334, outer 
flat-to-flat distance is always smaller than the outer corner-to-corner distance. As such, 
using outer flat-to-flat distance for the radius of a tube always privides higher geometric 
stress which is conservative.  
7.1 Behavior 
Due to the dissimilarity in tubular cross sections between round and multi-sided 
tubes, stress distributions in the connections dramatically differed from round to multi-
sided tube-to-transverse plate connections. FEA results of the specimens Type VII and I 
mast-arms having respectively eight-sided and round tubes under bending are compared in 
Figure 335 (a) and (b), respectively. Both mast-arms had exactly same geometry, boundary 
condition and loading condition except tT. The tube thickness of eight-sided tube (Type 
VII) was 3/16 in. (4.8 mm) and that of round tube (Type I) was 0.179 in. (4.5 mm). The 
difference could be neglected for comparison purpose. Other geometric parameters were: 
tTP = 2.0 in. (51 mm); CBC = 2.33; NB = 4; and DT = 10 in. (254 mm). Loads were applied 
to develop tensile nominal stress of 12 ksi (83 MPa) at the weld toe section in the tube. 
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Since the difference in thicknesses was very small, direct comparison could be made. First, 
the deformed shapes of the tubes were similar showing reverse bending in the tube ahead 
of the connection welds. Thus, the deformed section indicates that the interaction between 
the multi-sided tube and the transverse plate still governs the behavior of the connection 
with multi-sided tube. However, the location of highest stress concentration was not in the 
center, but shifted to the bend corner. It was found from all FE models considered in the 
parametric study. The stress profiles of longitudinal direction normal stress around the 
perimeter at the tube-to-transverse plate fillet-welded connection for same eight-sided tube 
and round tube under the same loading condition are presented in Figure 336. The figure 
presents that the stress profile in both multi-sided and round tubes were symmetric from 
the center, but the value and the location of stress concentration were different. In the multi-
sided tube, higher stress was occurred at each bend corner and the stresses in the flat face 
was lower. In the round tube, however, maximum stress was occurred at the center and the 
stress decreased gradually as away from the center. Moreover, the stress concentration in 
the multi-sided tube was greater than the stress concentration in the round tube. This stress 
profile is quite similar to the longitudinal stress profile of stiffened connection at the section 
above the stiffeners. In Figure 337, the longitudinal stress profile of the specimen Type XII, 
which had DT = 24 in. (610 mm), tT = 5/16 in. (7.9 mm), tTP = 2.0 in. (51 mm), CBC = 1.25, 
NB = 8, NST = 8, tST = 3/8 in. (9.5 mm), and hST = 18 in. (457 mm), at a section above the 
stiffener termination is presented. Since the geometry of stiffened connection presented in 
different each other the stress values cannot be compared directly, but the trend of variation 
in longitudinal stress at a critical section was similar. Similar to the multi-sided tube-to-
transverse plate fillet-welded connection, the stress concentration occurred at the stiffener 
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locations and the stresses in between the stiffeners were lower. The radial direction 
displacements at the same sections are also shows their similarity (Figure 338). The radial 
displacements in multi-sided tube were restrained at the bend corner, which can be also 
shown from the radial displacement of stiffened connections (Figure 398). Therefore, it 
can be concluded that the behavior of multi-sided tube-to-transverse plate welded 
connections is similar to stiffened tube-to-transverse plate connections. The bend corners 
in multi-sided tube are behaving similar to stiffeners in stiffened connections. However, 
the behavior was not exactly the same because the behavior of the connection is mainly 
governed by the interaction between the tube and the transverse plate. As it was shown in 
Figure 335 (a), severe localized bending occurs at the connection. The longitudinal stress 
profile of Type VII mast-arm along the bend corner shown in Figure 339 demonstrates 
typical shape of stress profile that high stress concentration near the weld toe, steep gradient 
of decreasing stress, and the reverse bending in the valley, whereas, stress concentration at 
stiffener termination does not caused by reverse bending. Therefore, the main behavior of 
multi-sided tube-to-transverse plate welded connections is basically same as round tube-
to-transverse plate welded connections, but the stress concentration occurs at the bend 
corner due to restraining effect caused by folded plate. As a result, the geometric stress 
concentration in multi-sided tube-to-transverse plate connection may be defined by GSCF 
of multi-sided tube divided by GSCF of round tube (GSCF ratio, hereafter). GSCF ratio 
would be determined by considering the additional influences caused by the bend corner.  
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7.2 Roundness Factor 
A “roundness” factor, which represents the influence of multi-sided tubes 
compared to round tubes, was first introduced by Fouad et al. (1998) and it was adopted 
by Ocel (2006). Initially, Fouad et al. did not named this factor as “roundness”, but a factor, 
r, which was defined as a ratio of the inside bend radius to the inscribed radius of a multi-
sided tube, was defined for determining wind drag coefficient (Cd) of multi-sided cross 
sections. Later, Ocel labled this factor as “roundness” and adopted the factor for 
determining GSCF of tube-to-transverse plate welded connections. The value of this factor 
varied from zero to 1.0, where zero denotes a multi-sided tube having perfectly sharp bend 
corner and 1.0 denotes a round tube. The definition of “roundness” considering internal 
bend radius may be sufficient for determining wind drag coefficient, but it was incomplete 
for using GSCF determination, because the influence of number of sides (NS) in multi-
sided tube was not considered. For example, a tube having very sharp corners with many 
NS can be considered as a round tube, but the “roundness” definition cannot reflect the 
influence of NS. Therefore, a new definition of roundness factor, which represent a 
combined effect of rb and NS, was developed. This factor quantifies the geometric similarity 
of a multi-sided section to a round section by dividing internal flat-to-flat distance to the 
internal corner-to-corner distance.  
cos( )
Roundness
1 (1 cos( ))
S
b
i S
N
r
R N
π
=
π
− −
 (75) 
 231 
 
 
The definition consists of three factors (shown in Figure 340) — the internal bend radius 
(rb), the radius of inside inscribed circle (Ri), and number of sides (NS). The tube thickness 
(tT) is also indirectly considered because the radius or the diameter of outside inscribed 
circle is conventionally used in designing tubular structures. The factor was determined as 
a ratio of the distance from the center of tube to the inside face of bend corner and the 
radius of inscribed circle of the multi-sided section. The factor can vary from 0.5 to 1.0, 
where 0.5 indicates three-sided tube with zero rb, and 1.0 indicates a perfectly round tube. 
For a given NS, the length of flat face will reduce with increasing rb, and the shape will 
approach to that of a round tube. On the other hand, with increasing NS the shape of a multi-
sided tube will approach to round tube, even with a sharp rb.  
7.3 Influence of Geometric Parameters 
Before developing parametric equation, influences of each geometric parameter 
were investigated. The ranges of each geometric parameter were already presented in 
Section 4.2. The influences of these parameters on GSCF ratio of multi-sided tube-to-
transverse plate connections are discussed in this section. The influence of each geometric 
parameter on GSCR ratio is demonstrated by plotting it as ordinate against one of the 
parameters as abscissa for constant values of other parameters. The ranges of the ordinate 
of each figure were fixed (from 1.0 to 1.5) to make direct comparison between figures. 
Therefore, each plot presents GSCF ratio for a two-dimensional cross section of the multi-
dimensional factorial.  
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7.3.1 Influence of Bend Radius, rb 
The influence of rb on GSCF ratio is depicted in Figure 343, with respect to the 
deformation and the maximum principal stress distributions from FEA results of two 
connections having rb of 1.0 in. (25 mm) and 4.0 in. (102 mm), respectively. These were 
the smallest and the largest rb considered for the parametric studies of connections having 
DT of 18 in. (457 mm). The other geometric parameters of these connections were identical: 
tTP = 2.0 in. (51 mm); CBC = 1.50; NB = 8; and tT = 5/16 in. (7.9 mm). Both models were 
analyzed for the same applied nominal stress, 12 ksi (83 MPa), at the weld toe section. 
Figure 343 (a) shows the spatial distributions of the maximum principal stresses on the 
deformed cross sections of the tubes at the weld toe. To accentuate the deformation of the 
cross section, the deformed cross sections were exaggerated by 200 times. The maximum 
principal stress profiles for these two connections are shown in Figure 343 (b) along with 
the nominal in-plane stress in the tube and maximum principal stress profile of round tube 
having same DT and tT. These stress profiles were taken from the section where the 
maximum principal stress was observed in the connections. Deformed section presents that 
there are no noticeable difference between two connections. Little difference in deformed 
cross section also reflected to the maximum principal stress profiles in Figure 343 (b). 
Overall stress profiles of three connections including stress profile of round tube were very 
similar each other. Difference due to the sharper bend corner was observed near the weld 
toe. Sharper bend corner, for example rb of 1.0 in. (25 mm), produced slightly higher stress 
concentration compared to rb of 4.0 in. (102 mm) resulting higher GSCF ratio, but the 
difference was not significant. The comparison demonstrated that the region where was 
influenced by rb was local and the effect of changing rb in GSCF ratio was minor as such.  
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The parametric study results showing the influence of rb on GSCF ratio are shown 
in Figures 344 through 347. Based on the basic factorial, range of considered rb was 
differed by DT because the possible range of rb always depends on DT. Those were: rb = 
[1.0 in. (25 mm), 2.0 in. (51 mm) and 3.0 in. (76 mm)] for DT = [10 in. (254 mm) and 13 
in. (330 mm)]; rb = [1.0 in. (25 mm), 2.0 in. (51 mm) and 4.0 in. (102 mm)] for DT = 18 in. 
(457 mm); and rb = [1.0 in. (25 mm), 4.0 in. (102 mm) and 6.0 in. (152 mm)] for DT = 24 
in. (610 mm). For all considered variations of DT (Figure 344), tT (Figure 345), and NS 
(Figure 346), monotonic decreasing trend of GSCF ratio with increasing rb was found. For 
a given rb, GSCF ratio was higher for larger DT, thinner tT, and less number of NS, but the 
difference in GSCF ratio for various tT was very small. Rate of change in GSCF ratio was 
greater for larger DT, thinner tT, and less number of NS as well.  
It should be noted that rb cannot exceed the inner radius of a tube and GSCF ratio 
for the maximum rb should be 1.0. It may be worth to check the variation of GSCF ratio 
within a possible range of rb by considering extreme values of rb, which are close to zero 
and the inner radius of a tube. Since rb is correlated with DT, two extremes of DT, which 
were 10 in. (254 mm) and 24 in. (610 mm), were selected and additional FE analyses were 
performed for each DT with very small rb and very large rb. For DT of 10 in. (254 mm), rb 
= [0.5 in. (13 mm) and 4 in. (102 mm)] were considered. For DT of 24 in. (610 mm), rb = 
[0.5 in. (13 mm), 3 in. (76 mm), 8 in. (203 mm) and 11 in. (279 mm)] were considered. 
Results of additional analyses were plotted in Figure 347 along with the FE results which 
were plotted already in Figure 344. As is evident from the figure, monotonic decreasing 
trend of GSCF ratio with increasing rb for both small and large DT were shown within the 
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most range of rb and GSCF ratio was very close to 1.0 when rb was equal or close to the 
radius of the tubes resulting greater rate of change in GSCF ratio for larger DT.  
7.3.2 Influence of Number of Sides, NS 
The influence of the NS on GSCF ratio is demonstrated in Figure 348 with respect 
to the FEA results of two connections having different NS, 8 and 16, but otherwise identical 
parameters of: tTP = 2.0 in. (51 mm); CBC = 1.50; NB = 8; DT = 18 in. (457 mm); tT = 5/16 in. 
(7.9 mm); and rb = 1.0 in. (25 mm). Both models were analyzed for the same applied 
nominal stress, 12 ksi (83 MPa), at the weld toe section. The spatial distributions of the 
maximum principal stresses on the deformed cross section of the connections are shown in 
Figure 348 (a), with reference to the undeformed cross sections. The deformed section did 
not clearly show significant difference between two models. However, difference in GSCF 
ratio of the models was larger than the difference shown from the comparison between the 
models having two extreme rb. Maximum principal stress profiles of both models and a 
FEA model having round cross section are compared in Figure 348 (b). Other geometric 
parameters of the FEA model having round cross section were exactly same as other two 
models. Similar to the maximum principal stress profiles of the connections having 
different rb, overall variations of the stress profiles of three connections were very similar 
to each other. It seems that the region affected by bend corner is not large. Only the region 
close the weld toe was influenced. It was obvious that the connection having sharper corner 
presented higher stress concentration.  
Parametric study results showing variation of GSCF ratio with respect to NS for 
constant values of other geometric parameters are presented in Figures 349 through 351. 
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Monotonic decreasing trend of GSCF ratio for increasing NS was found for all considered 
values of DT (Figure 349), tT (Figure 350), and rb (Figure 351). It should be noted that the 
decreasing trend of GSCF ratio should asymptotically approach to 1.0 because a multi-
sided tube having infinite number of NS should be identical a round tube. This trend is not 
clearly shown in the figures due to considering only three NS for each geometric parameter. 
As an example, additional analyses were conducted with additional NS = [24, 28, 32, 36, 
and 40] for DT = 24 in. (610 mm), tT = 5/16 in. (7.9 mm), and rb = 1.0 in. (25 mm) in Figure 
352. The figure clearly showed that GSCF ratio asymptotically approach to the ratio of 1.0 
as increasing NS. For a given NS, GSCF ratio is higher for larger DT and smaller rb, but little 
difference in GSCF ratio between various tT was found. Rate of decrease in GSCF ratio 
was slightly larger for larger DT and smaller rb.  
7.3.3 Influence of Tube Diameter, DT 
The influence of the tube diameter on GSCF ratio is demonstrated in Figures 353 
and 354 with respect to the FEA results of two connections having tube diameter of 10 in. 
(254 mm) and 24 in. (610 mm), respectively. Other geometric parameters were identical: 
tTP = 2.0 in. (51 mm); CBC = 1.50; NB = 8; tT = 5/16 in. (7.9 mm); rb = 1.0 in. (25 mm) and 
NS = 12. Both models were analyzed for the same applied nominal stress, 12 ksi (83 MPa), 
at the weld toe section. The spatial distributions of the maximum principal stress on the 
deformed longitudinal and transverse cross sections of the connections are presented in 
Figure 353 (a) and (b), in relation to the undeformed cross section. The comparison 
between two deformed cross sections presented that larger deformation in transverse plate 
and tube cross section was produced from larger DT. Similar behavior was also noted from 
 236 
 
 
the parametric study results of round tube-to-transverse plate fillet-welded connections, 
which were presented in Chapter 6. GSCF of round tube having DT of 10 in. (254 mm) was 
2.22 and GSCF of round tube having DT of 24 in. (610 mm) was 3.18. According to the 
results, it was found that higher GSCF was observed from the connections having larger 
DT.  
Parametric study results showing the variation of GSCF with respect to DT for 
constant values of other geometric parameters are presented in Figures 355 through 357. 
DT of 10 in. (254 mm), 13 in. (330 mm), and 18 in. (457 mm) were commonly considered 
for all cases and DT of 24 in. (610 mm) was additionally considered depending on the basic 
factorial. Similar to the influence on GSCF with respect to DT of round tube-to-transverse 
plate unstiffened groove and fillet-welded connections, monotonic increasing trend as 
increasing DT was observed for all tT (Figure 355), rb (Figure 356), and NS (Figure 357). 
For a given DT, higher GSCF ratio was produced by smaller rb and many NS, but there was 
little difference was found from two different tT. The rate of change in GSCF ratio for 
changing DT was almost same for various tT and rb. However, increasing NB produced 
smaller rate of change in GSCF ratio for changing DT. 
7.3.4 Influence of Tube Thickness, tT  
Parametric study results presenting the variation of GSCF ratio with respect to tT 
for constant values of other geometric parameters are presented in Figures 359 through 361. 
Various ranges of tT were considered depending on the value of geometric parameters. 
Three tT were presented to demonstrate nonlinear variation in GSCF. All figures show that 
GSCF ratio varied almost linearly for all considered values of DT (Figure 359), rb (Figure 
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360), and NS (Figure 361). Higher GSCF ratio was observed from larger DT, smaller rb, and 
small NS for a given value of tT. Both linearly increasing and decreasing trends were shown, 
but the variances in GSCF ratio due to changing tT for all cases were significantly small 
except larger DT (24 in.). Rate of change (slope) was varied depending on the value of the 
geometric parameter. The slope was greater in negative direction with larger DT, larger rb, 
and/or many number of NS. 
7.4 Development of Parametric GSCF Using Roundness Factor 
All parametric study results were plotted in Figure 341. Unlike the parametric 
study results of round tube-to-transverse plate welded connections, GSCF ratio of GSCF 
in multi-sided tubes with respect to that in round tubes was introduced to present the 
influence of roundness factor. As it was discussed earlier, GSCF in multi-sided tube-to-
transverse plate welded connection was amplified at the bend corner. Thus, the GSCF ratio 
could be a reasonable parameter for presenting the influence of multi-sided tube. As is 
evident, the variation in GSCF ratio showed that the data was clearly grouped by different 
DT, and small variation was observed within the groups. Small variance in a group was 
caused by differences in tT. In each group, GSCF ratio decreased with increasing roundness 
factor and approached to 1.0 for a perfectly round tube. For a given roundness, a tube with 
larger DT exhibits larger stress concentration. The figure also demonstrates that for a tube 
with a larger diameter the roundness should be increased to reduce stress concentration, 
which can be achieved by increasing NS and/or increasing rb. 
Stress concentration in multi-sided tube-to-transverse plate connections 
approaches that of a round tube as the rb and NS increase. A roundness parameter was 
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defined earlier, which quantifies the geometric similarity of a multi-sided section with a 
round section. Also, as presented in Figure 341 the ratio of GSCF in a multi-sided tube to 
that in a round tube exhibited clear dependence with DT (outer opposite flat-to-flat distance), 
along with some scatter due to tT. To collapse the effects of DT and tT into one single curve, 
a factor α is defined as follows: 
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where 0.923 is the value of roundness factor for an eight-sided tube with zero rb. Figure 
342 shows the variation of α with roundness for the parametric study models. As is evident, 
α values clustered quite well for roundness greater than 0.94 and decayed monotonically 
as roundness approached 1.0. A nonlinear regression provided the following relationship 
between the upper bound of reduced data set (α) and roundness, which is also plotted on 
the figure: 
0.028
Roundness 10.745 e
 
 − α = ×  (77) 
Therefore, the equation for GSCF ratio was established as: 
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 (78) 
Although above equation consistently provides conservative estimation of GSCF ratio, the 
influences of DT and tT were not clearly represented in the equation. Since the definition of 
the roundness factor already incorporated DT and tT, the influences of DT and tT on GSCF 
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ratio were partially presented in roundness factor and Equation 78. Moreover, the 
influences of each geometric parameter which consists tube cross section, such as DT, tT, 
rb, and NS, are not shown from the equation. Thus, influences of each geometric parameter 
on GSCF ratio were investigated instead of roundness in next section. 
 
7.5 Development of Parametric GSCF 
An equation predicting GSCF ratio of multi-sided tube-to-transverse plate welded 
connection as a function of the connection geometric parameters was developed by 
regression of GSCF ratio obtained from the parametric FEA discussed earlier. The 
regression model was developed by sequentially considering influences of each geometric 
parameter. These individual relationships were modeled based on the variation trend of 
GSCF ratio with respect to each geometric parameter as presented in the previous sections.  
7.5.1 Variation with Respect to Number of Sides, NS  
The variation with respect to NS exhibited that GSCF ratio of multi-sided tube-to-
transverse plate welded connection decreased exponentially and asymptotically 
approached to 1.0 irrespective of the other geometric parameters (Figures 349 through 352). 
This exponential decaying relationship between GSCF ratio and NS was modeled as: 
MS
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GSCF
,   0
GSCF
c
Sa b N c
−≈ + × >   (79) 
where, a, b and c are coefficients to be determined by regression of GSCF ratio obtained 
from parametric FEA results. Figure 362 shows an example of the comparison between the 
FEA GSCF ratio and the regression results (estimated GSCF ratio) using this model for a 
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subset of connections with: DT = 18 in. (457 mm); tT = 5/16 in. (7.9 mm); NS = [8, 12, and 
16]; and rb = 1.0 in. (25 mm). The fitted equation shown in the figure provided a coefficient 
of determination (R2) of 1.0 with a standard error of estimate (SEE) of 0.001, demonstrating 
excellent goodness of fit. Once the applicability of the regression model was verified, 
another regression of the FEA GSCF ratio was performed for a larger subset of connections 
to confirm the validity of the regression model. DT and tT were varied in addition with: DT 
= [18 in. (457 mm) and 24 in. (610 mm)]; and tT = [0.239 in. (6.1 mm), 5/16 in. (7.9 mm), 
and 3/8 in. (9.5 mm)] for DT = 18 in. (457 mm) and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 
and 1/2 in. (13 mm)] for DT = 24 in. (610 mm). Theses regression results are tabulated in 
Table 39. For all cases, R2 was 1.000 and SEE was 0.000, suggesting that the model 
accurately captured the relationship between NS and GSCF ratio. According to the 
parametric study results, GSCF ratio approached 1.0 as increasing NS, which can be 
expressed as 1.0 or close to 1.0 in coefficient a. However, none of the coefficient a values 
presented in Table 39 was close to 1.0. It was because number of FEA result used for the 
regression was only three and these three samples could not present asymptotic trend of 
the variation of GSCF ratio with respect to NS. Regression was conducted for the FEA 
result presented in Figure 352, and the regression result is shown in Figure 363. R2 and 
SEE of the regression result were respectively 0.998 and 0.005 demonstrating goodness of 
fit. The estimated value of the coefficient a was about 0.95, which was close to 1.0. As is 
evident from the result, conducting regression using more number of FEA result provided 
adequate regression result, which exactly explains actual relationship between NS and 
GSCF ratio. As will be presented in later sections, value of the coefficient a will approach 
1.0 as the regression model becomes precise and more number of FEA result are used.  
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7.5.2 Variation with Respect to Bend Radius, rb  
The relationship between GSCR ratio and rb (Figures 344 through 347) indicated 
a monotonic decaying function, which was more pronounced for larger and/or thicker tube 
and/or less number of sides. The interaction between rb and NS suggested that the 
coefficients of GSCF ratio versus NS relationship in Equation 79 must be correlated to rb. 
This correlation was investigated by plotting the variation of the coefficients of Equation 
79 with respect to rb, where the coefficients were obtained by conducting regression of 
Equation 79 for a subset of connection with: DT = 18 in. (457 mm); tT = 5/16 in. (7.9 mm); 
NS = [8, 12, and 16]; and rb = [1.0 in. (25 mm), 2.0 in. (51 mm), and 4.0 in. (102 mm)]. The 
coefficients a, b, and c of Equation 79 are tabulated in Table 40. The coefficients are also 
plotted with respect to rb in Figures 364 through 366 to graphically demonstrate their 
correlation. The variation of the coefficients with respect to rb showed monotonic 
increasing or decreasing trend as increasing rb demonstrating correlations. Among the 
correlations between three coefficients and rb, only the variation of the coefficient b for 
increasing rb was similar to the variation of GSCF ratio with respect to rb shown in Figures 
344 through 347. Variation of the coefficient a with respect to rb presented monotonic 
increasing, but this correlation was rejected. It was because the increasing trend could not 
represent decreasing trend between GSCF ratio and rb. Also, the correlation between NS 
and rb could not be represented because the coefficient a and the term having NS in Equation 
79 were independent each other. Variation of the coefficient c with respect to rb showed 
correlation, but much smaller variation compare to the variation of the coefficient b 
indicated that the coefficient c and rb was weakly correlated. Accordingly, the correlation 
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between coefficient b and rb was considered further, and the monotonic increasing trend 
was modeled as: 
f
bb d e r= + ×   (80) 
where, d, e, and f are the coefficients. Substituting Equation 80 for b in Equation 79 yielded: 
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where, a, c, d, e, and f are the coefficient of the regression equation, determined by fitting 
through GSCF ratio obtained by parametric FEA. The applicability of the regression model 
in Equation 81 was examined for a subset of connections with: rb = [1.0 in. (25 mm), 2.0 
in. (51 mm), and 4.0 in. (102 mm)]; DT = 18 in. (457 mm); tT = 0.239 in. (6.1 mm); and NS 
= [8, 12, and 16]. The results of this regression for different NS are plotted with respect to 
rb in Figure 367 along with FEA GSCF ratio. It presented R2 and SEE of 0.997 and 0.005, 
respectively. As is evident from the figure, the regression model matched very well with 
FEA results and demonstrated the goodness of fit and validity of the regression model. 
Applicability of the regression model was further investigated on a larger subset of 
connections where in addition DT and tT were varied in addition with: DT = [18 in. (457 
mm) and 24 in. (610 mm)]; and tT = [0.239 in. (6.1 mm), 5/16 in. (7.9 mm), and 3/8 in. (9.5 
mm)] for DT = 18 in. (457 mm) and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 
mm)] for DT = 24 in. (610 mm). These regression results are tabulated in Table 41, where 
R2 was at least 0.0994, and SEE was less than 0.007, demonstrating accurate prediction.  
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7.5.3 Variation with Respect to Tube Thickness, tT  
The correlation between GSCF ratio and tT was found that GSCF ratio varied 
linearly as increasing tT. Similar observation was made from the parametric study on 
unstiffened groove-welded and fillet-welded tube-to-transverse plate connections. The 
slope of linear variation was decreased with larger DT, larger rb, and/or many NS. Thus, the 
influence of tT on GSCF ratio was correlated with other geometric parameters, such as DT, 
rb, and NS. Correlations between tT and the coefficients in Equation 81 were investigated 
by plotting each coefficient with respect to tT. The coefficients of Equation 81 for various 
tT were already obtained from the regression analyses conducted in previous section, which 
results were tabulated in Table 41. The variations of the coefficients with respect to tT are 
also plotted in Figures 368 through 372. The figures exhibited that coefficients d and e 
were consistently presented linear variation with increasing tT. Since both coefficients d 
and e showed linear variation, a term simulating linear variation with respect to tT could be 
convolved to Equation 81 as a regression model. 
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where, a, c, d, e, f, g, and h were coefficients of the regression model. The applicability of 
the regression model in Equation 82 was examined for a subset of connections with: tT = 
[0.179 in. (4.5 mm), 0.239 in. (6.1 mm), and 5/16 in. (7.9 mm)]; DT = 24 in. (610 mm); NS 
= [8, 12, and 16]; and rb = [1.0 in. (25 mm), 2.0 in. (51 mm), and 4.0 in. (102 mm)]. Figure 
373 shows plots of estimated GSCF ratio of the subset obtained from the regression model 
as ordinate against FEA GSCF ratio as abscissa. The regression equation with the 
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determined coefficients is also shown in the figure. As is evident from the figure, the 
regression model showed good correlation having R2 of 0.994 and SEE of 0.006 indicating 
validity of the regression model. Applicability of the regression model was further 
investigated by conducting regression analysis for a larger subset of connections where in 
addition DT was varied as DT = [10 in. (254 mm), 13 in. (330 mm), 18 in. (457 mm), and 
24 in. (610 mm)]. As tabulated in Table 42, regression analyses produced R2 and SEE in 
ranges of 0.988 ~ 0.994 and 0.006 ~ 0.010, respectively. The minimum R2 was decreased 
and maximum SEE was increased compared to the values obtained from the previous 
regression model (Equation 81). However, the regression model was accurate enough to 
predict estimated GSCF ratio.  
7.5.4 Variation with Respect to Tube Diameter, DT  
The relationship between GSCF ratio and DT was monotonic increasing function 
and the rate of increment was dependent on the other geometric parameters, such as rb and 
NS. Since the influence of DT on GSCF ratio was not independent and correlated to rb and 
NS, DT must be correlated to the coefficients in Equation 82. Correlations between DT and 
the coefficients were investigated by plotting each coefficient with respect to DT. 
Regression analyses were already conducted in previous section and the results were 
presented in Table 42. The variations of the coefficients with respect to DT are also 
presented in Figures 374 through 380. The figures exhibited that the coefficients d and e 
were demonstrated monotonic increasing or decreasing trend, and the variations of other 
coefficients did not show any trend with respect to DT. Since both coefficients d and e were 
correlated to a term for rb, the influence of DT on GSCF ratio could be modeled by 
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convolving an expression for DT to the regression model. Decreasing trend of the 
coefficient e could be incorporated by the negative value of the coefficient e in the 
regression model.  
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where, a, c, d, e, f, g, h, i, j, and k were coefficients of the regression model. Regression 
was conducted for all available FEA GSCF ratio of multi-sided tube-to-transverse plate 
welded connections. In Figure 381, FEA GSCF ratios and corresponding predicted GSCF 
ratios were plotted and compared. The regression model exhibited R2 of 0.988 and SEE or 
0.008 presenting goodness of fit and validity of the regression model. Final regression 
model for estimating multi-sided tube-to-transverse plate welded connection is presented 
as: 
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It should be noted that estimated value of the coefficient a was very close to 1.0, which 
indicated that the regression model could provide asymptotic trend of GSCF ratio for 
increasing NS shown in. Figure 352. Another noticeable trend found from the parametric 
study result was that GSCF ratio became 1.0 at the maximum rb. The maximum rb is always 
half of DT minus tT. The equation did not explicitly express this trend. Thus, the estimated 
GSCF for maximum rb was calculated for various DT and rb. Minimum NS was used for the 
calculation, because GSCF ratio became smaller as greater NS. Calculation results are 
tabulated in Table 44. The results showed that the estimated GSCF ratios for each 
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combination were not exactly at 1.0, but it was close to 1.0. In Figure 382, estimated and 
FEA GSCF for all parametric study results were compared instead of GSCF ratio. 
Comparing statistical test results for the data in terms of GSCF ratio and GSCF was 
meaningless. Thus, the statistical test results of Equation 84 in terms of GSCF were 
compared to that of the parametric equations for groove and fillet-welded tube-to-
transverse plate connections. According to Chapter 5 and 6, R2 of the parametric equation 
for groove and fillet-welded connections were 0.991 and 0.989, respectively. SEE of the 
parametric equation for groove and fillet-welded connections were 0.053 and 0.068, 
respectively. Since R2 and SEE of Equation 84 were respectively 0.997 and 0.032, the 
parametric equation for multi-sided tube-to-transverse plate welded was slightly more 
accurate.  
As an example, parametric FEA GSCF ratio and estimated GSCF ratio obtained 
from Equation 84 are plotted with respect to rb for various NS (Figure 383). Geometric 
parameters considered for the figure was same as those of Figure 367. The figure showed 
that estimated GSCF ratio obtained from Equation 84 provided larger error compared to 
the estimated values obtained from Equation 81. However, although the errors were larger, 
the maximum error was less than 2%, so that the accuracy of Equation 84 could be 
sufficient.  
Statistical evaluations on the coefficients in Equation 84 are listed in Table 43. As 
it was explained in Chapter 6, relatively small standard errors for each coefficient lead 
larger t statistics and smaller P values. Accordingly, the true coefficients were very close 
to what was estimated by the regression, and the chance of being wrong in concluding that 
the coefficient was not zero was small. Therefore, the considered geometric parameters 
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(independent variables) can be used for estimating GSCF ratios (dependent variable). 
Standard residuals of each FEA GSCF ratio are plotted with respect to the estimated GSCF 
ratios in Figure 384. Specific trend of the standard residuals was found from the distribution, 
which means that the errors were randomly distributed and the coefficients in the regression 
model were not correlated each other. It can be also shown from the Q-Q plot in Figure 
385. Standard residuals with respect to z percentile aligned linearly along the reference line 
indicating the standard residuals were randomly distributed. As a result, Equation 84 was 
proved as an accurate and valid regression model for estimating GSCF ratio of multi-sided 
tube-to-transverse plate welded connections.  
7.6 Identification of Critical Parameters and Simplified Parametric GSCF 
Since many geometric parameters were considered in the proposed equations to 
improve their accuracy, irrespective of the relative importance or significance of each 
parameter, the equations looked unwieldy and were perceived to be too complex for ready 
application. The simplification of these equations to more acceptable forms required 
eliminating some of the less important (significant) parameters, and/or rounding the 
constants and exponents to less significant numbers, resulting in reduced accuracy in the 
predicted GSCF (or GSCF ratio). 
The results of dropping each parameter at a time from Equation 84 are shown in 
Figures 386 through 389, along with the regression model (equation) in each case. R2 
values reduced and SEE increased compare to Equation 84 as each of the parameters was 
ignored. The least correlation and the maximum error were noted when DT and/or NS were 
dropped from the regression model (Figures 386 and 389). Lowest R2 was found from 
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dropping DT and largest SEE was found from dropping NS. This observation was consistent 
with the variation of GSCF ratio with respect to DT or NS shown in Figures 355 through 
357 and 349 through 352. The results of the above exercise are tabulated in Table 45. Based 
on the correlation coefficients, the importance of the parameters in decreasing order is: DT; 
NS; rb; and tT. As is evident, neglecting tT had the least effect on the accuracy of the equation 
for estimating GSCF ratio.  
It should be noted that dropping each geometric parameter did not significantly 
affect the accuracy of estimation. For all cases, R2 was greater than 0.93. Thus, it was 
decided to further simplify the equation by adopting fundamental aspects of multi-sided 
tubes. Further simplification start from the result that DT and NS had more significant effect 
on GSCF ratio compared to tT and rb. The roundness factor defined in Section 7.2 was 
further simplified by idealizing a multi-sided tube as a polygon by neglecting tT and rb. 
Instead of taking ratio between flat-to-flat distance and corner-to-corner distance, the gap 
from the inscribed circle to the corner was considered, and the gap was defined as ∆: 
cos
R
R∆ = −
α
  (85) 
where, R was the radius of inscribed circle and α was the angle between the middle of flat 
face to the corner from the center of polygon. Above equation could be simplified by taking 
Taylor series expansion and neglecting higher order terms.  
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To check the applicability of ∆, GSCF ratio was plotted with respect to ∆ in Figure 390. 
All parametric FEA data used for regression analysis was considered. The figure showed 
that GSCF ratio increased with increasing ∆, but larger dispersion was observed. Mainly, 
the dispersion was caused from rb. Thus, ∆ could not be directly used for simplifying 
Equation 84. To consider rb in simplifying equation, the relationship between GSCF ratio 
and rb was used. As it was discussed in Section 7.3.1, GSCF ratio decreased as increasing 
rb and became 1.0 when rb approached to the radius of the tube. Since this relationship 
could not incorporated into Equation 84, Equation 84 was modified to incorporate this 
relationship. Simplified form of Equation 10 incorporating ∆ and the relationship between 
rb and GSCF ratio was modeled as: 
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where, a was a coefficient of the regression model. This equation incorporated the 
relationship between NS and GSCF ratio and rb and GSCF ratio. For very large value of NS 
or rb of the radius of a tube, GSCF ratio became 1.0. Regression was conducted using all 
parametric FEA GSCF ratio, and result is presented in Figure 391. R2 of 0.979 and SEE of 
0.079 demonstrated goodness of fit and validity of the simplified regression model. 
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However, there was a problem in the regression model that most of the regression results 
were under-estimated for FEA GSCF greater than about 3.0. Equation 87 was modified 
manually to provide conservative estimation, and it was: 
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GSCF T b S
D r N −≈ + − ×   (88) 
Regression result is presented in Figure 392. The regression model exhibited R2 of 0.972 
and SEE of 0.089. Statistic test results were slightly worse than the regression results of 
Equation 87, but still the result demonstrated goodness of fit. Especially, the regression 
model conservatively estimated GSCF compared to Equation 87. Standard residual 
distribution and Q-Q plot for simplified regression model are presented in Figures 393 and 
394, respectively. As is evident, standard residuals were not randomly distributed and trend 
was clearly shown. Similar to simplifying equations for groove and fillet-welded 
connections, breaking statistical validity was unavoidable due to simplification.  
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8 PARAMETRIC EVALUATION OF FINITE LIFE FATIGUE 
RESISTANCE FOR STIFFENED TUBE-TO-TRANSVERSE PLATE 
FILLET-WELDED CONNECTIONS 
With adequately designed stiffener-to-transverse plate weld against root cracking, 
fatigue cracking can occur at the stiffener termination on the tube and/or at the tube-to-
transverse (base) plate fillet-weld toe on the tube (exhibited by high stress concentrations 
at these locations in Figure 395), depending on the various geometric parameters of the 
connection. Therefore, fatigue resistance of both possible cracking location should be 
considered and having similar fatigue resistances may provide optimum design (Roy et al. 
2012). Parametric GSCF for both locations were developed in this chapter. 
8.1 Behavior of Stiffened Fillet-welded Tube-to-transverse Plate Connections at 
Stiffener Termination 
As it was shown in Figure 395, stiffener termination is a critical location for 
fatigue cracking. High stress concentration was observed in this location. However, it is 
expected that the mechanism that leads high stress concentration at this location could be 
different from unstiffened tube-to-transverse plate connections having groove or fillet-
welds due to the existence of stiffener. As a result, the normal stress profile obtained from 
the outer surface of the tube along the longitudinal direction path from the fillet-weld toe 
at the base is presented in Figure 396. Two different nominal stresses considering or 
without considering stiffener are also shown. FEA model simulating specimen Type XII 
having tST = 3/8 in. (9.5 mm), NST = 8, hST = 18 in. (457 mm), tTP = 2 in. (51 mm), CBC = 
1.25, NB = 8, DT = 24 in. (610 mm), and tT = 5/16 in. (7.9 mm) was considered. Detail 
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description of this specimen and test setup can be found from Roy et al (2011) or Thompson 
(2012). Since the test setup was set to be fixed at the base and transversely loaded at the 
tip of the specimen, the nominal stress without considering stiffeners varied linearly. On 
the other hand, the nominal stress considering stiffeners decreased from the stiffener 
termination to the base. The normal stress obtained from the outer surface of the tube 
adjacent to the base was similar to the normal stress variation of unstiffened tube-to-
transverse plate connections. Although there was a stiffener welded to the tube, stress 
concentration and deep valley caused by reverse bending in the tube near the base were 
shown, but the stress concentration was not as severe as unstiffened connections. Away 
from the reverse bending region, the normal stress approached the nominal stress, and then 
another stress concentration was observed at the stiffener termination. The stress profile 
near the stiffener termination was completely different from that of unstiffened tube-to-
transverse plate welded connections. Significant stress concentration only observed at the 
stiffer termination. It was dissipated rapidly without showing deep valley and approached 
to the nominal stress. Deformed shape of the cross section of the connection [Figure 397 
(a)] presented that relatively sharp bent was found at the stiffener-to-tube fillet-weld toe. 
It is more clearly shown in Figure 397 (b) that the slope of the change in displacement 
measured along the outer surface of the tube dramatically changed at the terminus of the 
stiffener resulting sharp bent. It was because the stiffener was welded to the tube wall in 
discrete locations. Stiffeners resist tube bending only in local area resulting distortion in 
tube wall. This behavior can be shown from the plot in Figure 398 presenting radial 
direction displacement of a tube section at the stiffener termination. The radial direction 
displacement was large in the middle of the stiffener and it was very small at the stiffener 
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location. It demonstrates that the stiffeners pulls the tube wall in tension side and pushes 
the tube wall in compression side. The distortion in tube wall caused by pulling response 
of the stiffener generated high stress concentration at the stiffener termination. Therefore, 
the stress concentration at the stiffener termination could be determined by the interaction 
between the stiffener and the tube.  
Influences of tST on the behavior of stiffened tube-to-transverse plate connections 
at the stiffener termination are compared with two different tST, 5/16 in. (7.9 mm) and 5/8 in. 
(16 mm), in Figure 399. Other than tST, geometric parameters were identical: tT = 3/8 in. 
(9.5 mm); hST = 24 in. (610 mm); NST = 8; and DT = 30 in. (762 mm). As it was described 
in Section 4.4, tTP and CBC were consistent for all FE models, and those were 2.0 in. (51 
mm) and 1.25, respectively. Moreover, NB was always same as NST, because all bolts (or 
stiffeners) were placed in between stiffeners. Both models were analyzed for the same 
loading conditions having 12 ksi (83 MPa) nominal stress at the section above the stiffener 
termination. Deformed configurations along with the maximum principal stress contour are 
presented. Undeformed cross sections of the connection are also shown for comparison, 
but the section was taken from the mid-height of the stiffener to show the stiffeners. In 
addition, magnified view of the deformed configuration and corresponding GSCF are also 
presented in the figure insets for clarity. FEA results showed that transverse displacement 
of the section was larger for thinner stiffener, but the local distortion in the tube wall at the 
stiffener termination was larger for the thicker stiffener. The resistance to the bending in 
the section was larger from the thicker (or stiffer) stiffener resulting larger local distortion 
at the stiffener termination. As a result, higher stress concentration was produced at the 
stiffener termination for thicker stiffener. 
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Similar behavior was also observed from comparing FEA results of two different 
tT (Figure 400): 5/16 in. (7.9 mm); and 5/8 in. (16 mm). Other geometries of the tubes and 
the stiffeners in the models were identical: hST = 24 in. (610 mm); NST = 8; DT = 30 in. (762 
mm); tST = 1/2 in. (13 mm); and tTP = 2 in. (51 mm). Both models were analyzed for the 
same loading conditions to have nominal stress of 12 ksi at the section including stiffener-
to-tube fillet-weld toe. FEA results show that transverse displacement of the section was 
larger for thicker tube. However, the local distortion at the stiffener termination was larger 
for the modeling having thinner tube resulting larger GSCF. Changing tT from 5/16 in. (7.9 
mm) to 5/8 in. (16 mm) increased GSCF from 1.84 to 2.85. The results demonstrated that 
thinner tube may produce larger local distortion and higher GSCF at the stiffener 
termination. Therefore, thinner tube with thicker stiffener may develop greater GSCF and 
thicker tube with thinner stiffener may develop less GSCF. GSCF at the stiffener 
termination could be determined by the interaction between the tube and the stiffeners. The 
ratio of tST over tT should be considered for assessing GSCF at the stiffener termination. 
This ratio will be called as 'stiffener-tube thickness ratio' hereafter. On the design point of 
view, thinner stiffener may be beneficial for lower GSCF at the stiffener termination, but 
the thinner stiffeners are not effective in reducing stress concentration at the fillet-welded 
base. Thus, finding optimum stiffener-tube thickness ratio between tubes and stiffeners is 
critical for designing stiffened tube-to-transverse plate fillet-welded connections.  
FEA models having two different DT, 24 in. (610 mm) and 36 in. (914 mm), under 
identical loading condition are compared in Figure 401. Nominal stress of 12 ksi (83 MPa) 
was applied at the section above the stiffener terminus for both models. Other geometries 
in the models are identical: hST = 24 in. (610 mm); NST = 8; tT = 5/16 in. (7.9 mm); tST = 1/2 
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in. (13 mm); and tTP = 2 in. (51 mm). Deformed configuration of two models presented that 
transverse displacement of the section was larger for smaller diameter model, but the local 
distortion at the stiffener termination was larger for larger diameter model. As a result, 
higher GSCF was observed from the model having larger diameter. Changing DT from 24 
in. (610 mm) to 36 in. (914 mm) increased GSCF from 2.66 to 3.24. 
Influence of NST on the behavior of stiffened connections at the stiffener 
termination is compared for two NST (6 and 12) in Figure 402. Except NST, other geometric 
parameters were kept constant for both models and those were: hST = 24 in. (610 mm); DT 
= 36 in. (914 mm); tT = 3/8 in. (9.5 mm); and tST = 1/2 in. (13 mm). Applied loads for both 
models were nominal stress of 12 ksi (83 MPa) at the section including stiffener 
termination. Comparison between two models having different NST clearly shows that more 
NST prevents both transverse direction displacement and distortion at the stiffener 
termination resulting lower GSCF. Changing NST from six to 12 decreased GSCF from 3.14 
to 2.23. Similar to the relationship between stiffener-tube thickness ratio and GSCF at the 
stiffener termination, the influences of DT and NST on GSCF could be combined by 
introducing distance between adjacent stiffeners as a geometric parameter. Farther distance 
due to less number of NST or larger DT produced larger distortion and higher GSCF at the 
stiffener termination. It could be explained that the stiffness of tube wall between stiffeners 
became flexible due to farther distance introduced larger distortion and higher GSCF. Thus, 
thinner tube wall reduced stiffness of tube wall between stiffeners against pulling response 
from the stiffeners resulting larger distortion and higher GSCF.  
Finally, two FEA results of models having two different hST, 18 in. (457 mm) and 
36 in. (914 mm), are compared. Other geometric parameters of these models were identical: 
 256 
 
 
DT = 36 in. (914 mm); tT = 3/8 in. (9.5 mm); tST = 1/2 in. (13 mm), and NST = 8. Undeformed 
and deformed configurations and maximum principal contour for hST = 18 in. (457 mm) 
and 36 in. (914 mm) are presented in Figures 403 (a) and (b), respectively. Since the cross 
sections of undeformed shape was taken from the mid-height of the stiffeners, lengths of 
the stiffeners for hST = 36 in. (914 mm) are longer than another. The deformed 
configurations showed that transverse displacement for hST = 36 in. (914 mm) is larger 
compare to hST = 18 in. (457 mm). Distortions at the stiffener termination looked almost 
the same and GSCF at the stiffener terminations were also close to each other. From 
comparing deformed configurations for two different tST, tT, DT, and NST, those were very 
clear the larger local distortion at the stiffener termination produced larger GSCF. However, 
visually similar distortion does not guarantee similar level of distortion resulting similar 
GSCF. Thus, local distortions at the stiffener termination were measured for all FEA 
models presented. The measurement was conducted to quantify local distortion by 
subtracting displacement at the stiffener termination from the displacement at the neutral 
axis of the section which representing transverse displacement of the section. Relative 
displacements which represents local distortion at the stiffener termination were about 
3.03×10-3 in. (0.077 mm) and 2.89×10-3 in. (0.0073 mm) for hST = 18 in. (457 mm) and 36 
in. (914 mm), respectively. Difference of relative displacements was only about 4.6 %. 
Since the difference in GSCF was about 2.2 %, the measured relative displacement 
represents the local distortion at the stiffener termination effectively. GSCF of all FEA 
models presented in this section were plotted with respect to corresponding relative 
displacements in Figure 404. The results show a trend that larger relative displacement 
(local distortion) produced relatively higher GSCF roughly. If we focus on the two results 
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which directly compared for tST, tT, DT, NST, and hST, all sets showed the trend that larger 
relative displacement (local distortion) produced higher GSCF between two data points.  
8.2 Influence of Geometric Parameters on GSCF at Stiffener Termination 
The geometric parameters of the stiffened fillet-welded tube-to-transverse plate 
connections, considered for the parametric study, were identified in Section 4.1.4. The 
influences of these parameters on GSCF of the connection are discussed in this section, 
primarily with respect to the parametric study results of full basic factorials for stiffened 
fillet-welded tube-to-transverse plate connections. As was presented in Chapter 3, GSCF 
is defined as the ratio of the local stress on the outer surface of the tube at a distance of 
0.1√(rt) from the fillet-weld toe of the stiffener-to-tube (or the geometric stress) and the 
nominal stress at the weld toe. To demonstrate the influence of each geometric parameter, 
GSCF is plotted as ordinate with respect to one of the parameters as abscissa, for constant 
values of the other parameters. For ease of comparison, the ranges of GSCF (ordinate) for 
all figures were fixed, and it was from 1.5 to 4.5. The ranges of each geometric parameter 
in abscissa were also fixed as well. Thus, each plot presents the variation of GSCF for a 
cross section of the multi-dimensional factorial. 
As it was discussed in the previous section, GSCF could be determined by the 
interaction between the stiffener and the tube. As such, the influence of the geometric 
parameters related to stiffeners (tST, NST, and hST) are discussed first and the discussion on 
the influences of DT and tT, related to tube geometry, are followed.  
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8.2.1 Influence of Stiffener Thickness, tST, on GSCF 
The parametric study results showing the variation of GSCF with respect to tST for 
constant values of other geometric parameters within full basic factorials are presented in 
Figure 405. Based on the basic factorial, range of tST considered was differed by tT and 
those were: tST = [1/4 in. (6.4 mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 mm)] 
for tT = 5/16 in. (7.9 mm); tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 
in. (16 mm)] for tT = 3/8 in. (9.5 mm); tST of [3/8 in. (9.5 mm), 1/2 in. (13 mm), 5/8 in. (16 
mm), and 3/4 in. (9.5 mm)] for tT = 1/2 in. (13 mm); and tST of [1/2 in. (13 mm), 5/8 in. (16 
mm), 3/4 in. (9.5 mm), and 7/8 in. (22 mm)] for tT = 5/8 in. (16 mm). The plots exhibited that 
GSCF increased nonlinearly at a decreasing rate with increasing tST for all considered 
values of tT, hST, DT, and NST. For a given tST, thinner tT, less number of NST, and larger DT 
produced higher stress concentration. However, stiffener height did not make significant 
difference in GSCF at stiffener terminations [Figure 405 (a)]. The rate of increase was also 
more sensitive with thinner tT, less number of NST, and larger DT. Therefore, the influence 
of tST on GSCF was larger for greater stiffener-tube thickness ratio or farther distance 
between stiffeners due to less number of stiffeners or larger diameters.  
8.2.2 Influence of Number of Stiffeners, NST, on GSCF 
The parametric study results showing the influence of NST on GSCF are presented 
in Figure 406 for constant values of other geometric parameters within the basic factorials. 
Number of stiffeners of six, eight, and twelve were considered for all connections. In Figure 
406 (a), DT = 30 in. (762 mm) and tST = 1/2 in. (13 mm) were common for hST = [18 in. (457 
mm), 24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)] and tT = [5/16 in. (7.9 mm), 
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3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 mm)]. In Figure 406 (b), hST = 24 in. (610 
mm) and tT = 3/8 in. (9.5 mm) were common for DT = [24 in. (610 mm), 30 in. (762 mm), 
and 36 in. (914 mm)] and tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 
in. (16 mm)]. For all considered variations of hST [Figure 406 (a)], tT [Figure 406 (a)], DT 
[Figure 406 (b)], and tST [Figure 406 (b)], GSCF reduced exponentially and asymptotically 
approached a constant value with increasing NST. For a given value of NST, higher GSCF 
was observed from thinner tT, thicker tST, and larger DT. Similar to the influence of tST on 
GSCF, little influence was found from all considered values of hST. The rate of decrease 
also was larger for thinner tT, thicker tST, and larger DT. 
8.2.3 Influence of Stiffener Height, hST, on GSCF 
The parametric study results showing the influence of hST on GSCF are presented 
in Figure 407 for constant values of other geometric parameters within the basic factorials. 
According to the basic factorials, the ranges of hST were different from each DT. Therefore 
different ranges of hST were considered for each DT, and those were: hST = [12 in. (305 mm), 
18 in. (457 mm), 24 in. (610 mm), and 30 in. (762 mm)] for DT = 24 in. (610 mm); hST = 
[18 in. (457 mm), 24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)] for DT = 30 in. 
(762 mm); and hST = [24 in. (610 mm), 30 in. (762 mm), 36 in. (914 mm), and 42 in. (1067 
mm)] for DT = 36 in. (762 mm). In Figure 407 (a), tT = 3/8 in. (9.5 mm) and NST = 8 were 
common for all considered values of DT and tST. In Figure 407 (b), tST = 1/2 in. (13 mm) and 
DT = 30 in. (762 mm) were common for all considered values of NST and tT. As is evident, 
the influence of hST on GSCF was insignificant for all connections. At a fixed value of hST, 
higher GSCF was found from thicker tST, larger DT, thinner tT, and less number of NST. This 
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observation also presented higher GSCF resulting from greater stiffener-tube thickness 
ratio and farther distance between adjacent stiffeners. Minor increasing trend of GSCF with 
increasing hST was observed from the connections having NST = 12 in. (305 mm), tT = 3/8 
in. (9.5 mm), DT = [24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm), respectively], 
and tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 mm), respectively] 
in Figure 408. The figures shows that GSCF at stiffener termination might be influenced 
by hST, but the influence was minor. 
8.2.4 Influence of Tube Diameter, DT, on GSCF 
The parametric study result showing the influences of DT on GSCF are presented 
in Figure 409 for constant values of other geometric parameters within the basic factorials. 
For all connections, DT = 24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm) were 
considered. In Figure 409 (a), tT = 3/8 in. (9.5 mm) and NST = 8 were consistent for all 
considered values of tST and hST. In Figure 409 (b), tST = 1/2 in. (13 mm) and hST = 24 in. 
(610 mm) were consistent for all considered values of tT and NST. Monotonic increasing 
trend of GSCF as increasing DT was observed for all tST [Figure 409 (a)], hST [Figure 409 
(a)], NST [Figure 409 (b)], and tT [Figure 409 (b)]. For a given DT, GSCF at the stiffener 
termination was greater for thicker tST, thinner tT, and less number of NST. Moreover, the 
rate of increment was also greater for thicker tST, thinner tT, and less number of NST. As is 
evident, the influence of hST was minor for all considered values. As a result, the influence 
of DT almost diminished for tT = 5/8 in. (16 mm) and NST = 12. It demonstrated that influence 
of DT could be insignificant for very low stiffener-tube thickness ratio and shorter distance 
between adjacent stiffeners. 
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8.2.5 Influence of Tube Thickness, tT, on GSCF 
The parametric study results showing the variation of GSCF at the stiffener 
termination with respect to tT for constant values of other geometric parameters within the 
basic factorials are shown in Figure 410. For all connections, tT = 5/16 in. (7.9 mm), 3/8 in. 
(9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 mm) were considered. In Figure 410 (a), NST = 8 
and tST = 1/2 in. (13 mm) were common for all considered values of hST and DT. In Figure 
410 (b), DT = 30 in. (762 mm) and hST = 24 in. (610 mm) were common for all considered 
values of tST and NST. The figures show that GSCF decreased exponentially and 
asymptotically approached to a constant value for all connections. At a fixed value of tT, 
higher GSCF was pronounced for larger DT, less number of NST, and thicker tST. As is 
evident, the influence of hST was negligible. The rate of decrement was also larger for larger 
DT, less number of NST, but the influence of tST on the rate of decrement was not clear.  
8.2.6 Influence of Transverse Plate Thickness, tTP, on GSCF 
Preliminary study on the influence of tTP on the geometric stress at the stiffener 
termination was already presented in Section 4.1.4 (Figure 147). Since limited FEA results 
were presented in the preliminary study, the influence of the tTP on GSCF is presented 
considering more connection geometries. For all connections, tTP = 2.0 in. (51 mm), 2.5 in. 
(64 mm), and 3.0 in. (76 mm) were considered. Other connection geometries included were: 
tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), and 1/2 in. (13 mm), respectively], tT = [5/16 in. (7.9 
mm) and 3/8 in. (9.5 mm), respectively], DT = 24 in. (610 mm), NST = 8, and hST = 24 in. 
(610 mm). Similar to the influences of other geometric parameters on GSCF, higher GSCF 
was observed from thicker tST and thinner tT for a fixed value of tTP. However, varying tTP 
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did not make any significant influence on GSCF. Thus, GSCF at the stiffener termination 
is independent to tTP and could be determined by the interaction between the stiffeners and 
the tube. 
8.2.7 Combined Influences of Geometric Parameters on GSCF 
It has been consistently observed that GSCF at the stiffener termination was 
significantly influenced by interaction between the tube and the stiffener. Particularly, it 
appeared that stiffener-tube thickness ratio and distance between stiffeners may have direct 
effect on GSCF at the stiffener termination. As an example, the influence of the ratio of tST 
and tT on GSCF at the stiffener termination is presented in Figure 412 for tST = [1/4 in. (6.4 
mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), 5/8 in. (16 mm), 3/4 in. (19 mm), 
and 7/8 in. (22 mm)], DT = 24 in. (610 mm), NST = 12, hST = [18 in. (457 mm), 24 in. (610 
mm), 30 in. (762 mm)], and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), 5/8 in. 
(16 mm)]. As is evident from the figure, GSCF increased almost linearly with increasing 
thickness ratio for a particular tST, but the slopes and the intersections of the linear variation 
were different. The ratio of tST and tT was modified by weighting tT with a power of 1.7 
(Figure 413). The variation of GSCF at the stiffener termination with respect to the 
modified ratio was almost linear up to the ratio of about 3.3, and it was insignificant above 
the ratio of about 3.3. The modified ratio might not make linear variation of GSCF for other 
values of DT or NST, but it is an important observation for parametric equation development 
that GSCF at the stiffener termination is correlated with a form of the ratio of tST and tT.  
In addition, it was expected that the distance between stiffeners and GSCF at the 
stiffener termination could have some kind of correlation. The parametric study results for 
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tT = 3/8 in. (9.5 mm), tST = 1/2 in. (13 mm), hST = 30 in. (762 mm), NST = [6, 8, 12, and 16, 
respectively], and DT = [24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm), 
respectively] were plotted with respect to the corresponding distances between adjacent 
stiffeners of each connections in Figure 414. The distance was determined as a 
circumferential distance between adjacent stiffeners, which is a factor of DT over NST. The 
figure clearly shows that GSCF increased linearly with larger distance between stiffeners. 
Thus, the influences of DT and NST on GSCF are not independent and correlated with each 
other. Similar to the stiffener-tube thickness ratio, the distance between stiffeners (or a ratio 
of DT and NST) could provide an insight for developing parametric equation for GSCF at 
the stiffener termination.  
8.3 Development of Parametric GSCF at Stiffener Ternimation 
An equation for predicting GSCF at stiffener termination of stiffened fillet-welded 
tube-to-transverse plate connections as a function of the connection geometric parameters 
was developed by regression of GSCF obtained from the parametric FEA discussed in 
previous sections. The regression model was developed by considering influences of the 
stiffener-tube thickness ratio and the distance between stiffeners to GSCF at the stiffener 
termination. Accordingly, regression models representing the influences of the ratio and 
the distance between stiffeners were developed and those were convolved each other. Then, 
minor influences of other geometric parameters were considered sequentially. These 
individual relationships were modeled based on the variation trend of GSCF with respect 
to each geometric parameter or combined form of geometric parameters as presented in the 
previous section.  
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8.3.1 Variation with Respect to Distances between Adjacent Stiffeners 
The variation with respect to the distance between adjacent stiffeners exhibited 
that GSCF at the stiffener termination increased almost linearly with increasing distance 
between adjacent stiffeners (Figure 414). Although variation of GSCF with respect to the 
distance between stiffeners looked linear, nonlinearity due to NST was considered in the 
regression model. The reason for considering nonlinear relationship only on to NST was that 
DT can be expanded as much as possible, but the influence of increasing NST would not be 
linear. If the distance between stiffeners is so small due to many stiffeners, sensitivity of 
GSCF with respect to the distance could be low and GSCF could be converged to a certain 
value of GSCF (Figure 406). Accordingly, regression model kept the form of the equation 
of the circumferential distance between adjacent stiffeners, but a coefficient was added as 
a power of NST. Thus, the regression model representing influence of the distance between 
adjacent stiffeners was modeled as: 
GSCF , 0T
c
ST
D
a b c
N
≈ + >  (89) 
where, a, b, c are coefficients to be determined by regression of GSCF obtained from 
parametric FEA results. Due to asymptotic decrease in GSCF with increasing NST, it was 
expected that the coefficient c would be positive. The applicability of the regression model 
was examined for a subset of connections with: tST = 1/2 in. (13 mm); NST = [6, 8, and 12]; 
hST = 30 in. (762 mm); DT = [24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)]; and 
tT = 3/8 in. (9.5 mm). Figure 415 shows plots of estimated GSCF of the subset obtained 
from the regression model as ordinate against FEA GSCF as abscissa. The regression 
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equation with the determined coefficients is also shown in the figure. For an exact 
correlation (R2 of 1.0 and zero SEE), each data point should fall on a straight line having 
slope of 1.0. This ideal line is shown on the plots for a visual comparison of the model 
accuracy over the range of FEA GSCF. As is evident from the figure, the regression model 
showed good correlation having R2 of 0.996 and SEE of 0.025. An example of the 
comparison between FEA GSCF and the regression results (estimated GSCF) using this 
model for the same subset was plotted with respect to NST in Figure 416. The regression 
model exactly presented exponential decay of GSCF with increasing NST, and higher GSCF 
for larger DT. Although the regression model represented the influence of the distance 
between stiffeners (or the influences of DT and NST) very well, it was found that the 
estimated GSCF provided some error. Maximum error was about 2% and it was found from 
tST = 1/2 in. (13 mm), NST = 8, hST = 30 in. (762 mm), DT = 24 in. (610 mm), and tT = 3/8 in. 
(9.5 mm). To increase the accuracy of regression model representing influence of the 
distances between adjacent stiffeners, correlations between tT and each coefficient in 
Equation 89 were investigated. The reason for selecting tT was that the tT was also a 
component of determining flexibility (or stiffness) of tube wall in between adjacent 
stiffeners. The correlation was investigated by plotting the variation of the coefficients of 
Equation 89 against tT, where the coefficients were obtained by regressing Equation 89 for 
a subset of connections with: NST = [6, 8, and 12]; DT = [24 in. (610 mm), 30 in. (762 mm), 
and 36 in. (914 mm)]; and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 
in. (16 mm)]. The other common geometric parameters were: tST = 1/2 in. (13 mm); and hST 
= 30 in. (762 mm). The coefficients a, b, and c of the regressed equation (Equation 89) are 
tabulated in Table 46. The coefficients are also plotted with respect to tT in Figures 417 
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through 419 to graphically demonstrate their correlation. The variation of the coefficients, 
a and b, with respect to tT showed similar trend as the variation of GSCF with respect to tT 
for constant values of other geometric parameters (Figure 410), where the values 
asymptotically decreased with increasing tT. The variation of coefficient c did not show 
distinct correlation with tT. Accordingly, the correlations between coefficients, a and b, and 
tT were considered further, and their asymptotically decreasing relationships were modeled 
as: 
, 0
f
T
e
a d f
t
= + >   (90) 
, 0 and 0T
c i
ST T
D
b g h c i
N t
= + > >
×
 (91) 
where, d, e, f, g, h, and i are the additional coefficients. Due to asymptotic decrease with 
increasing tT, it was expected that the coefficients, f and i, would be positive. Substituting 
Equations 90 and 91 for coefficients a and b in Equation 89 yielded: 
GSCF ,  0, 0,  and 0T
f c i
T ST T
De
d h c f i
t N t
≈ + + > > >
×
 (92) 
where, c, d, e, f, h, and i are the coefficient of the regression equation, determined by fitting 
through GSCF obtained by parametric FEA. The coefficient g in Equation 91 was ignored, 
because the coefficient d and g were repetitive. The applicability of the regression model 
in Equation 92 was examined for a subset of connections with: tST = 1/2 in. (13 mm); NST = 
[6, 8, 12]; hST = 30 in. (762 mm); DT = [24 in. (610 mm), 30 in. (762 mm), 36 in. (914 
mm)]; and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), 5/8 in. (16 mm)]. Figure 
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420 shows plots of estimated GSCF of the subset obtained from the regression model as 
ordinate against FEA GSCF as abscissa. The regression equation with re determined 
coefficients is also shown on the figure. As is evident from the figure, the regression model 
showed better correlation having increased R2 of 0.998 and decreased SEE of 0.017 
compared to the regression result of Equation 89 indicating validity of the regression model. 
Applicability of the regression model was further investigated by conducting regression 
for a larger subset of connections, where in addition tST was varied as: tST = [5/16 in. (7.9 
mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), 5/8 in. (16 mm), and 3/4 in. (19 mm)]. As tabulated 
in Table 47, regression analyses for larger subset of connection produced R2 and SEE in 
ranges of respectively 0.990~0.999 and 0.008~0.027, demonstrating goodness of fit and 
validity of the modified regression model. 
8.3.2 Variation with Respect to Stiffener-Tube Thickness Ratio 
As was evident from Figures 412 and 413, GSCF at the stiffener termination 
increased to a maximum values with increasing values of modified stiffener-tube thickness 
ratio. Within the range of increasing GSCF, it was increased almost linearly and 
approached the maximum GSCF. An exponential function simulating the variation was 
tried as a regression model. 
GSCF exp
ST
m
T
t
l
tj k≈ + ×   (93) 
where, j, k, l, and m are coefficients to be determined by regression of GSCF obtained from 
parametric FEA results. Applicability of the regression model was examined for a subset 
of connections with: tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), 5/8 in. (16 
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mm), 3/4 in. (19 mm), and 7/8 in. (22 mm)]; NST = 12; hST = 24 in. (610 mm); DT = 30 in. 
(762 mm); and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 mm)]. 
Estimated GSCF obtained from the regression model is plotted for corresponding FEA 
GSCF in Figure 421. Moreover, an example of the comparison between the FEA GSCF 
and the regression results for the same subset of connections was plotted with respect to tST 
in Figure 422. Both figures presented that accuracy of the regression model (Equation 93) 
was not enough and the model could not simulate the influence of the thickness ratio. 
Nonlinear variation of GSCF with respect to tST could not be simulated by the regression 
model. As a result, another form of the equation simulating the influence of the thickness 
ratio was tried. The increasing relationship between GSCF and the modified thickness ratio 
was modeled using hyperbolic function as: 
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where, j, k, l, and m are coefficients of the regression model. Regression was conducted for 
the same subset of connections used for Equation 93. Similar to the previous regression 
model, the regression model was examined by comparing FEA GSCF in Figures 423 and 
424. As is evident from the figures, accuracy of the regression model using hyperbolic 
function was better that R2 increased from 0.970 to 0.998 and SEE decreased from 0.032 
to 0.010. Nonlinear variation of GSCF with respect to tST was also very well simulated by 
the regression model. Applicability of the regression model was confirmed by conducting 
regression analyses for a larger subset of connections, where in addition DT were varied as: 
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DT = [24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)]. As tabulated in Table 48, 
all regression analyses produced R2 and SEE values in ranges of 0.994~0.998 and 
0.101~0.020 respectively, demonstrating goodness of fit and validity of the modified 
regression model. Since validity of Equation 94 was verified, Equation 94 was convolved 
to Equation 92, which considering the influences of distances between adjacent stiffeners 
and stiffener-tube thickness ratios simultaneously. 
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where, c, d, e, f, h, i, j, k, l, and m are the coefficients of the regression model. Applicability 
of the regression model in Equation 95 was examined for a subset of connections with: tST 
= [1/4 in. (6.4 mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), 5/8 in. (16 mm), 3/4 
in. (19 mm), and 7/8 in. (22 mm)]; NST = [6, 8, and 12]; hST = 30 in. (762 mm); DT = [24 in. 
(610 mm), 30 in. (762 mm), and 36 in. (914 mm)]; and tT = 5/16 in. (7.9 mm), 3/8 in. (9.5 
mm), 1/2 in. (13 mm), and 5/8 in. (16 mm)]. As is evident from Figure 425, the regression 
model showed good correlation having R2 of 0.985 and SEE of 0.034 indicating validity 
of the regression model. Applicability of the regression model was further investigated by 
conducting regression for a larger subset of connections, where in addition hST was varied 
as: hST = [18 in. (457 mm), 24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)]. As 
tabulated in Table 49, regression analyses for larger subset of connection produced R2 and 
SEE in ranges of 0.985~0.990 and 0.029~0.038, respectively. The ranges of R2 and SEE 
presented that the regression model in Equation 95 was accurate enough to predict 
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estimated GSCF at stiffener termination for all variation of hST. However, the values of 
coefficient for each hST was much different each other. It was understood that GSCF was 
not exactly identical for different hST with identical other geometric parameters. When 
regression analysis was conducted using all FEA GSCF results, the analysis could not 
converge. Therefore, the influence of hST had to be considered even though its influence 
was minor.  
8.3.3 Variation with Respect to Stiffener Height, hST  
As it was explained in previous section, the influence of hST on GSCF at the 
stiffener termination had to be considered to maintain accuracy of regression model. The 
correlation between GSCF and hST was found that GSCF slightly increased as increasing 
hST in most cases (Figures 407 and 408). From the results that higher GSCF was found 
from thicker tST, less number of NST, larger DT and thinner tT at a given hST, it was obvious 
that the influence of hST on GSCF was correlated with other geometric parameters. 
Accordingly, the correlations between hST and the coefficients in Equation 95 were 
investigated by plotting each coefficient with respect to hST. The coefficients of Equation 
95 for hST = [18 in. (457 mm), 24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)] 
were already obtained from the regression analyses conducted in previous section, which 
results were already tabulated in Table 49. The variations of the coefficients with respect 
to hST are also plotted in Figures 426 through 435. The figures exhibited that several 
coefficients, such as coefficients c, e, h and l, were correlated to hST. However, the 
variations of those coefficients did not reflect the influence of hST on GSCF. Therefore, all 
coefficient in Equation 95 did not present significant correlation with hST. As a result, a 
 271 
 
 
hyperbolic term representing slight increase of GSCf with increasing hST was convolved to 
Equation 95 as a regression model. 
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where, c, d, e, f, h, i, j, k, l, m, n, o, and p are coefficients of the regression model. Regression 
was conducted for all available FEA GSCF. In Figure 436, all parametric FEA GSCF and 
corresponding predicted GSCF were plotted and compared. The regression model 
exhibited R2 of 0.983 and SEE of 0.035 presenting goodness of fit and validity of the 
regression model in Equation 96. As an example, parametric FEA GSCF and estimated 
GSCF obtained from Equation 96 are plotted with respect to tST (Figure 437). Geometric 
parameters considered for the figure were: tST = [1/4 in. (6.4 mm), 5/16 in. (7.9 mm), 3/8 in. 
(9.5 mm), 1/2 in. (13 mm), 5/8 in. (16 mm), 3/4 in. (19 mm), and 7/8 in. (22 mm)]; NST = 12; 
hST = 30 in. (762 mm); DT = [24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)]; tT 
= [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 mm)]. The figure 
presented that the regression model generally predicted FEA GSCF very well, but slightly 
larger errors were observed from thinner tST with DT = 24 in. (610 mm). To resolve the 
issue, an inverse of tST was added to the expression on the distances between adjacent 
stiffeners. Regression model was modified as follows: 
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where, c, d, e, f, h, i, j, k, l, m, n, o, p, q, and r are coefficients of the regression model. 
Regression was conducted again using all available FEA GSCF. Regression results are 
presented in Figures 438 and 439, which were similar figure presented for Equation 96. As 
is evident, R2 was increased from 0.983 to 0.991 and SEE decreased from 0.035 to 0.024. 
Accuracy of the prediction improved dramatically by adding a term related to tST. It shows 
that not only just the stiffness of the region between adjacent stiffeners governs GSCF but 
the stiffness is also highly correlated to tST and tT. Final regression model for estimating 
GSCF at the stiffener termination of stiffened fillet-welded tube-to-transverse plate 
connections was presented as: 
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Statistical evaluations on the estimated coefficients in Equation 98 are listed in 
Table 50. As was explained in Section 4.6, relatively small standard errors for each 
coefficient lead larger t-statistics and smaller P values. Conventionally, P values less than 
0.05 are acceptable. P values of all coefficients except l, m, and o were less than 0.05, but 
the P values of the coefficients l, m, and o were just above 0.05. Thus, since the regression 
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model accurately predicts FEA GSCF, minor defects in the regression model could be 
ignored. Accordingly, the regression model in Equation 98 may be considered that exact 
(true) coefficients were very close to what was estimated by the regression and the chance 
of being wrong in concluding that coefficient was not zero was small. Thus, the considered 
geometric parameters (independent variables) can be used for estimating GSCF ratios 
(dependent variable).  
Standard residuals of each FEA GSCF data are plotted with respect to 
corresponding estimated GSCF in Figure 440. Distribution of standard residual did not 
present any trend, so that it verifies the validity of the regression model. Q-Q plot for 
standard normal distribution was also prepared to check the randomness of residuals 
(Figure 441). It showed that most of data points were aligned with the reference line which 
represented standard residuals of the regression model were randomly distributed. 
Numerical evaluation on each estimated coefficient of the regression model and graphical 
evaluation checking randomness of standard residuals of the regression model proved the 
validity of the regression model. 
8.4 Identification of Critical Parameters and Simplified Parametric GSCF at 
Stiffener Termination 
To simplify developed equations for stiffened tube-to-transverse plate fillet-
welded connection, similar approach as unstiffened tube-to-transverse plate welded 
connections was used. 
The strategy for simplifying equation for this connection was slightly different 
from round tube-to-transverse plate fillet-welded or groove-welded connections. Equation 
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98 consists of three terms, which were stiffener-tube thickness ratio, hST, and the distance 
between stiffeners. From the parametric study results on the GSCF of this detail, it was 
already known that the thickness ratio and the distance between stiffeners were important 
factors for evaluating GSCF of this detail. Instead of neglecting each geometric parameter 
at a time, each term was neglected from Equation 98, and regression analysis was 
performed. The results of neglecting each term at a time of the GSCF equation are plotted 
in Figures 442 through 444, along with the regressed equation in each case. The correlation 
coefficient reduced and the standard error of estimate increased compared Equation 98 as 
the parameters were ignored one at a time. The significances of the terms about stiffener-
tube thickness ratio and distance between stiffeners are comparable. However, the effect 
of hST was not as significant as others. R2 value reduced from 0.991 to 0.988 and the 
standard error of estimate increased from 0.023 to 0.028, but it was within an acceptable 
range. As is evident, neglecting the hST had the least effect on the accuracy of the proposed 
equation.  
For further simplification, the tT and tST in the term about the distance between 
stiffeners were neglected. The reason was these parameters were added to increase 
accuracy of the regression model in Equation 89, but the influence was not significant. 
Moreover, stiffener-tube thickness ratio term in the denominator of Equation 94 was 
neglected because GSCF was linearly increased in most ranges of the ratio shown in Figure 
413. The reason hyperbolic form of the equation was used was due to the flat variation in 
very large values of the ratio. However, this region was very small, so that the variation of 
GSCR with respect to the stiffener-tube thickness ration was considered as linear. 
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where, c, d, h, j, k, and q are the coefficients of the simplified regression model. 
Applicability of the simplified model in Equation 99 was examined using all available FEA 
GSCF. Estimated GSCF was plotted for corresponding FEA GSCF in Figure 445. 
Regression analysis result showed that R2 value decreased to 0.963 and standard error of 
estimate increased to 0.049 due to neglecting more terms. The equation was further 
simplified by rounding the coefficients and exponents in the regressed equation (Figure 
446). The final form of the equation was much simplified compare to Equation 98. 
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Equation 100 clearly presents that the ratio between tube and stiffener and 
distance between stiffeners are controlling the stress condition at the stiffener termination 
on the tube wall. As a result, R2 value was reduced from 0.991 to 0949 and the standard 
error of estimate was increased from 0.023 to 0.059. The standard residuals of Equation 
100 are plotted with respect to estimated GSCF (Figure 447). The standard residuals were 
slightly shifted upward showing more outliers in the range greater than standard residual 
of 2.0. Similar observation was found from Figure 448. The standard residuals plotted with 
respect to z-percentile are slightly shifted to upward from the reference line. However, 
most of the standard residuals are aligned almost linearly resulting normalized distribution 
of the residuals. Therefore, it may be concluded that the simplified equation (Equation 100) 
could be used for estimating GSCF without significant loss of accuracy. 
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8.5 Influence of Geometric Parameters on GSCF at Fillet-welded Base 
The main objective of employing longitudinal stiffener to the tube-to-transverse 
plate fillet-welded connection is to protect fatigue cracking at the connection by controlling 
the flexibility of transverse plate and out-of-plane deformation in the tube wall. Moreover, 
stiffener attracts stresses to the tube wall and reduces stresses at the fillet-welded tube-to-
transverse plate connection at the base. As such, the stress concentration at the fillet-welded 
connection at the base could be reduced significantly. This behavior can be interpreted into 
two ways: (a) reduction in nominal stress at the base due to increase of cross section from 
the stiffeners or (b) reduction in stress concentration at the base protected by the stiffeners 
only considering tube sections in nominal stress calculation. In this study, the second option 
was chosen, because it was more coincide with the objective of employing longitudinal 
stiffener. Also, conventionally, stiffeners were considered as a secondary element that 
excluded from the structural computation. Thus, the effectiveness of stiffeners in protecting 
fillet-welded connection from fatigue cracking was quantified by reduction in stress 
concentration at the base.  
The geometric parameters considered for stiffened fillet-welded tube-to-
transverse plate connections were tST, tT, hST, DT, and NST. These parameters were already 
identified in Section 4.1.4, and also used for developing parametric equation for GSCF at 
the stiffener termination. The influences of these parameters on the fillet-welded 
connection at the base are discussed in this section, primarily with respect to the parametric 
study results of basic factorials for stiffened fillet-welded tube-to-transverse plate 
connections presented in Section 4.3.4.  
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The primary objective of attaching longitudinal stiffeners to a fillet-welded tube-
to-transverse plate connection is to protect the connection by preventing fatigue cracking 
at the tube-to-transverse plate fillet-weld toe. The effect of the various geometric 
parameters on the effectiveness of this protection was investigated by examining the ratio 
of the GSCF at the tube-to-transverse plate fillet-weld in stiffened and unstiffened 
connections (GSCFST-Base and GSCFUST-Base respectively shown in figures). The ratio will 
be called 'reduction factor' hereafter in this chapter. The nominal stresses for stiffened 
connection were computed based on the section property of the tube section only.  
To demonstrate the influence of each geometric parameter, GSCF is plotted as 
ordinate with respect to one of the parameters as abscissa, for constant values of the other 
parameters. Thus, each plot presents the variation of GSCF for a cross section of the multi-
dimensional factorial. 
8.5.1 Influence of Stiffener Thickness, tST, on Reduction Factors 
The parametric study results showing the variation of reduction factor with respect 
to tST for constant values of other geometric parameters within full basic factorials are 
presented in Figure 449. According to the basic factorial, ranges of tST considered was 
differed by tT and those were: tST = [1/4 in. (6.4 mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), and 
1/2 in. (13 mm)] for tT of 5/16 in. (7.9 mm); tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. 
(13 mm), and 5/8 in. (16 mm)] for tT of 3/8 in. (9.5 mm); tST of [3/8 in. (9.5 mm), 1/2 in. (13 
mm), 5/8 in. (16 mm), and 3/4 in. (9.5 mm)] for tT of 1/2 in. (13 mm); and tST of [1/2 in. (13 
mm), 5/8 in. (16 mm), 3/4 in. (9.5 mm), and 7/8 in. (22 mm)] for tT of 5/8 in. (16 mm). Ranges 
of other geometric parameters were: NST = [6, 8, and 12]; hST = [18 in. (457 mm), 24 in. 
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(610 mm), 30 in. (762 mm), and 36 in. (914 mm)]; DT = [24 in. (610 mm), 30 in. (762 mm), 
and 36 in. (914 mm)]; and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 
in. (16 mm)]. For all considered variations of hST [Figure 449 (a)], tT [Figure 449 (a)], NST 
[Figure 449 (b)], and DT [Figure 449 (b)], reduction factors decreased exponentially and 
asymptotically approached to a constant values for all connections. At a fixed value of tST, 
higher reduction factor was produced for smaller hST, less number of NST, larger DT, and 
thinner tT. Changing reduction factor due to tT was very small so that influence of tT might 
be negligible. Interesting observation was made from Figure 449 (b) that the influence of 
NST was greater compared to DT, which were the two parameters describing the distances 
between adjacent stiffeners. Clear difference was presented between different NST, and the 
reduction factors between different DT for the same NST were not much different. Especially, 
when NST was 12, the influence of DT was almost negligible. The rate of decrement was 
larger for smaller hST, but other parameters did not influence the rate of decrement 
significantly.  
8.5.2 Influence of Number of Stiffeners, NST, on Reduction Factors 
The parametric study results showing the influence of NST on the reduction factors 
are presented in Figure 450 for constant values of other geometric parameters within the 
basic factorials. Number of stiffeners of six, eight, and twelve were considered for all 
connections. The ranges of other geometric parameters were hST = [18 in. (457 mm), 24 in. 
(610 mm), 30 in. (762 mm), and 36 in. (914 mm)], tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 
1/2 in. (13 mm), and 5/8 in. (16 mm)], DT = [24 in. (610 mm), 30 in. (762 mm), and 36 in. 
(914 mm)], and tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 
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mm)]. For all considered variations of hST [Figure 450 (a)], tT [Figure 450 (a)], DT [Figure 
450 (b)], and tST [Figure 450 (b)], reduction factors reduced exponentially and 
asymptotically approached a constant value with increasing NST. Irrespect to the values of 
other geometric parameters, it seems that reduction factors converged to a single value, 
around 0.2, as increasing NST. Thus, effects from other geometric parameters could be 
neglected when many NST is used. This observation was shown from the influences of tST 
on reduction factors as well [Figure 449 (a)]. For a given value of NST, higher reduction 
factor was observed from smaller hST, thinner tST, larger DT and thinner tT. Rate of decrease 
was larger for smaller hST, larger DT and thinner tT, but the differences in the rate of decrease 
were not significant.  
8.5.3 Influence of Stiffener Height, hST, on Reduction Factors 
The parametric study results showing the influence of hST on reduction factors are 
presented in Figure 451 for constant values of other geometric parameters within basic 
factorials. According to the basic factorials, different ranges of hST were considered for 
each DT, and those were: hST = [12 in. (305 mm), 18 in. (457 mm), 24 in. (610 mm), and 
30 in. (762 mm)] for DT of 24 in. (610 mm); hST = [18 in. (457 mm), 24 in. (610 mm), 30 
in. (762 mm), and 36 in. (914 mm)] for DT of 30 in. (762 mm); and hST = [24 in. (610 mm), 
30 in. (762 mm), 36 in. (914 mm), and 42 in. (1067 mm)] for DT of 36 in. (762 mm). The 
ranges of other geometric parameters were: tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. 
(13 mm), and 5/8 in. (16 mm)]; NST = [6, 8, and 12]; DT = [24 in. (610 mm), 30 in. (762 
mm), and 36 in. (914 mm)]; and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), 
and 5/8 in. (16 mm)]. Similar to the influence of tST, the figures show that reduction factors 
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decreased exponentially and asymptotically approached to a constant value for all 
connections. At a fixed value of hST, thinner tST, larger DT, thinner tT and less number of 
NST pronounced higher reduction factors. However, the influence of tT was insignificant. 
The rate of decrement was larger for thinner tST, larger DT, thinner tT and less number of 
NST. However, changes in rate of decrease for each geometric parameter were not 
significant. 
8.5.4 Influence of Tube Diameter, DT, on Reduction Factors 
The parametric study results showing the influences of DT on reduction factors 
are presented in Figure 452 for constant values of other geometric parameters within the 
basic factorials. For all connections, DT = [24 in. (610 mm), 30 in. (762 mm), and 36 in. 
(914 mm)] were considered. The ranges of other geometric parameters were hST = [18 in. 
(457 mm), 24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)], tST = [5/16 in. (7.9 mm), 
3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 mm)], tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 
mm), 1/2 in. (13 mm), and 5/8 in. (16 mm)], and NST = [6, 8, and 12]. Monotonic increasing 
trend as increasing DT was observed for all tST [Figure 452 (a)], hST [Figure 452 (a)], NST 
[Figure 452 (b)], and tT [Figure 452 (b)]. The increase was more pronounced for smaller 
hST, thinner tST, less number of NST, thinner tT, but the influence of tT was negligible. The 
rate of increment was greater for smaller hST and less number of NST, thinner tT, but the 
influences of tST on the rate of increment were similar to each other.  
8.5.5 Influence of Tube Thickness, tT, on Reduction Factors 
The parametric study results showing variations of reduction factors with respect 
to tT for constant values of other geometric parameters within the basic factorials are shown 
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in Figure 453. For all connections, tT of 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), 
and 5/8 in. (16 mm) were considered. The ranges of other geometric parameters considered 
were hST = [18 in. (457 mm), 24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm)], tST 
= [3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 mm)], DT = [24 in. (610 mm), 30 in. (762 
mm), and 36 in. (914 mm)], and NST = [6, 8, and 12]. As is evident, the influence of tT on 
reduction factors was insignificant for all connections. A little influence was observed for 
thinner tT and NST of six, but almost all of other connections, it was negligible. At a fixed 
value of tT, higher reduction factor was found from smaller hST, larger DT, less number of 
NST, and thinner tST. The reason for the insignificance of tT on reduction factors was maybe 
because the influences of tT in GSCF of stiffened and unstiffened connection were canceled 
out so that the effect of tT was maybe disappeared from reduction factors. GSCF of 
unstiffened connection includes stress concentration determined by tube and transverse 
plate geometry. On the other hand, GSCF of stiffened connection includes two factors 
which were the stress concentration determined by tube and transverse plate geometry and 
reduction in stress due to stiffening. As a result, stress concentration determined by tube 
and transverse plate geometry could be eliminated according to the definition of reduction 
factors. This observation could be also supported from the influence of DT on reduction 
factors (Figure 452). The amount of increase in reduction factor with increasing DT was 
not as large as other geometric parameters, such as tST, NST and hST. For connections having 
low reduction factors, influences of DT was almost negligible.  
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8.5.6 Influence of Transverse Plate Thickness, tTP, on Reduction Factors 
Preliminary study on the influence of tTP on reduction factors was already 
presented in Section 4.1.4 (Figure 147). The results definitely showed that the geometric 
stress at the fillet-welded base was decreased as increased tTP. Since limited FEA results 
were presented in the preliminary study, the influence of the tTP on reduction factors was 
presented considering more connection geometries. For all connections, tTP of 2.0 in. (51 
mm), 2.5 in. (64 mm), and 3.0 in. (76 mm) were considered. Other connection geometries 
included were: tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm) 1/2 in. (13 mm) , and 5/8 in. (16 mm)], 
tT = [5/16 in. (7.9 mm) and 3/8 in. (9.5 mm)], DT = 24 in. (610 mm), NST = 8, and hST = 24 in. 
(610 mm). Similar to the effect of DT, reduction factor was linearly increased as increased 
tTP, but the increments for various tST and tT were very small. For a fixed value of tTP, thinner 
tST presented higher reduction factors. Rate of change (slope) of reduction factor did not 
changed by various tST and tT.  
8.5.7 Neglecting Parametric Study Results of N = 6 
Among various geometric parameters, NST and hST affected reduction factors most 
significantly. Since the stiffener spacing or distance between stiffeners had inverse relation 
with NST, the aspect ratio of the space bounded by stiffeners (Figure 455) could control the 
reduction factor which indicated how much fillet-welded base was protected compared to 
unstiffened connection. If the space was longitudinally narrower made by many number of 
NST or taller hST, fillet-welded base could be protected well [Figure 456 (a)]. On the other 
hand, if hST was small or less number of NST was applied (space became wider), then the 
fillet-welded base could not be protected effectively [Figure 456 (b)]. In Figure 457, 
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reduction factors were plotted with respect to the ratio of hST and stiffener spacing for six, 
eight, and 12 stiffeners. The results clearly showed that reduction factors of six stiffeners 
were higher than eight or 12 stiffeners. In Figure 458, the same data was plotted for hST = 
[12 in. (305 mm), 18 in. (457 mm), 24 in. (610 mm), 30 in. (762 mm), 36 in. (914 mm), 
and 42 in. (1067 mm)]. Unlike the previous figure, distinct difference between hST was not 
found. To check effectiveness of using six stiffeners, the ratio of geometric stress at the 
stiffener termination and tube-to-transverse plate fillet-weld toe was plotted with respect 
to the ratio of hST and stiffener spacing only for six stiffener cases (Figure 459). The ratio 
of geometric stress indicated the possible location of earlier cracking occurrence. If the 
ratio was greater than 1.0, it was expected that fatigue cracking at the stiffener termination 
occurred earlier than the fillet-welded base. Since the purpose of having stiffened 
connection was to protect fillet-welded base, cracking at the fillet-welded base earlier than 
the stiffener termination was not preferable. Except for a few connections, the geometric 
stress ratios were less than 1.0 indicating earlier cracking at the tube-to-transverse plate 
fillet-weld toe. Therefore, it could be concluded that six stiffeners could not protect the 
base effectively. As a result, all FEA results having six stiffeners were not used for the 
equation development.  
8.6 Development of Parametric GSCF at Fillet-welded Base 
An equation for predicting GSCF at the stiffened tube-to-transverse plate fillet-
weld toe as a function of the connection geometric parameters was developed by regression 
of reduction factor obtained from parametric FEA discussed in previous section. Since 
reduction factors were used for the equation development, GSCF at the fillet-welded base 
 284 
 
 
can be indirectly obtained by multiplying GSCF of unstiffened tube-to-transverse plate 
connection having same tube and transverse plate dimensions. The regression model was 
developed by considering influences of the hST, distances between adjacent stiffeners, tST, 
tT and tTP on reduction factors. Accordingly, regression model was developed by 
sequentially convolving relationships between reduction factors and each geometric 
parameter. These individual relationships were modeled based on the variation trend of 
reduction factors with respect to each geometric parameter or combined form of geometric 
parameters. 
8.6.1 Variation with Respect to Stiffener Height, hST  
The variation with respect to hST exhibited that reduction ratios of stiffened 
connections decreased exponentially with increasing hST and asymptotically approached a 
constant value irrespective of the other geometric parameters of the connection (Figure 
451). This exponential decaying relationship between reduction ratios and hST was modeled 
as: 
ST-Base
UST-Base
GSCF
GSCF ST
a
h b
≈
+
  (101) 
where a and b are the coefficients of the equation to be determined by regression analysis. 
Figure 460 shows an example of the comparison between FEA reduction ratio and the 
regression results (estimated reduction ratio) using this model for a subset of connections 
with: tST = 1/2 in. (13 mm); NST = 8; hST = [18 in. (457 mm), 24 in. (610 mm), 30 in. (762 
mm) and 36 in. (914 mm)]; DT = 30 in. (762 mm); and tT = 3/8 in. (9.5 mm). The fitted 
equation shown in the figure provided R2 of 0.997 with SEE of 0.006, demonstrating 
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excellent goodness of fit. Once the applicability of the regression model was verified, 
another regression of the FEA reduction factor was performed for a larger subset of 
connections to confirm the validity of the regression model over a larger range of 
connection parameters. For these connections, ranges of DT, tT, NST and tST considered in 
addition to the other parameters were: tST = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 
mm) and 5/8 in. (16 mm)]; NST = [8 and 12]; DT = [24 in. (610 mm), 30 in. (762 mm) and 
36 in. (914 mm)]; and tT = [5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm) and 5/8 in. (16 
mm)]. These regression results are tabulated in Table 51. For all cases, minimum R2 and 
SEE were 0.995 and 0.011, respectively. The results suggested that the decaying model of 
Equation 101 accurately captured the relationship between hST and reduction ratio.  
8.6.2 Variation with Respect to Distances between Adjacent Stiffeners 
Representative of the effect of the stiffener spacing, the first term in Equation 102 
is multiplied.  
ST-Base
UST-Base
GSCF
,
GSCF
where 0 and 0
c
T
d
ST ST
D e
a b
N h f
c d
  
≈ +  +  
> >
 (102) 
where a through f are the coefficients. The effect of tube diameter shown in Figures 452 
seems almost linear, but the coefficient c is added to the power to take care of minor 
nonlinear effect. Regression analysis is done for tube and stiffener thicknesses of 
respectively 3/8 in. (9.5 mm) and 1/2 in. (13 mm). Regression results show that R2 value of 
0.983 and standard error of estimate of 0.027 (Figure 461). The figure shows that regression 
results for some data points produce relatively larger error. The maximum error found is 
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about 14.8%. In Figure 462, FEA results and regression results for tube and stiffener 
thicknesses of respectively 3/8 in. (9.5 mm) and 1/2 in. (13 mm) are compared. The 
regression results for eight stiffeners are predicted. Regression results for 12 stiffeners 
show increasing trend as increased tube diameters, but the FEA results decayed. Thus, it 
may be concluded that Equation 102 is not appropriate as a regression model.  
Since previous regression model could not simulate the effect of tube diameter on 
reduction factor, Equation 102 is modified by adding a term of tube diameter. 
ST-Base
UST-Base
GSCF
GSCF
where, 0 and 0
d
T
T e
ST ST
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N h g
d e
  
≈ + +  
+  
> >
 (103) 
where a through g are the coefficient of Equation 103. Regression analysis is conducted 
for the same data set. Regression result is presented in Figure 463. It shows that modified 
model produce improved correlation having R2 value of 0.992 and standard error of 
estimate of 0.019. The maximum error is about 5.3%. Similar to the previous model, FEA 
results and regression result for tube and stiffener thicknesses of respectively 3/8 in. (9.5 
mm) and 1/2 in. (13 mm) are compared. Regression results of Equation 103 for 12 stiffeners 
successfully simulate decaying trend on reduction factor with increasing tube diameter.  
As a next step, stiffener thickness was considered to the regression equation. From 
Figures 449, the trend of the variation of the reduction factor with respect to the stiffener 
thickness is very similar to that of stiffener height. As such, Equation 104 was proposed 
having the same form as the effect of the stiffener height.  
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 (104) 
where a through j are the coefficients of the equation. Regression analysis was conducted 
with the data having tube thickness of 3/8 in. (9.5 mm). The regression result presented that 
the R2 value and standard error of estimate were 0.923 and 0.057 respectively. It was 
definitely not as good as the results of previous regression models. As it is shown in Figure 
465, the errors in the regression results are relatively larger. As a result, Equation 104 was 
discarded and another form of the equation representing the influence of the stiffener 
thickness (Equation 105).  
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where a through k are the coefficients. Regression analysis was performed using this 
equation and the results are shown in Figure 466. The R2 value and standard error of 
estimate are 0.992 and 0.012, respectively. Revised regression model provided very good 
correlation with the FEA data. An example that comparing FEA data and regression results 
for tube diameters of 24 in. (610 mm), 30 in. (762 mm), and 36 in. (914 mm) and stiffener 
thicknesses of 5/16 in. (7.9 mm), 3/8 in. (9.5 mm), 1/2 in. (13 mm), and 5/8 in. (16 mm). 
Number of stiffener, stiffener height, and tube thickness were respectively eight, 30 in. 
(762 mm), 3/8 in. (9.5 mm) and were kept constant. The comparison also shows very good 
correlation and the changes in reduction factor with respect to stiffener height was very 
well simulated.  
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Last, the influence of transverse plate thickness was considered. From Figure 454, 
the effect of the transverse plate thickness was not as significant as other geometric 
parameters, but it showed clear linear increment as increasing transverse plate thickness. 
As such, a linear term of transverse plate thickness was multiplied to Equation 105 and 
Equation 106 was established 
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UST-Base
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,
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where 0, 0, 0, and 0
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 (106) 
where a through m are coefficients. Regression was conducted with all available FEA data, 
and the result was successful. R2 value and standard error of estimate were 0.996 and 0.04, 
respectively (Figure 468). An example comparing FEA data and regression result for tube 
thickness of 3/8 in. (9.5 mm) and stiffener thickness of 1/2 in. (13 mm) verifies that the 
regression model very well estimates FEA data (Figure 469). Standard residuals 
distribution of the Equation 106 is presented in Figure 470. The distribution is randomly 
distributed and does not show any bias. Q-Q plot also show that standard residuals of the 
regression model (Equation 106) in z-Percentile aligned along the diagonal line almost 
linearly. This result also proves that the residuals of the model are randomly distributed. 
Therefore, final equation for stiffened tube-to-transverse plate fillet-welded connection 
was established and verified. It is presented as Equation 107. 
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  (107) 
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8.7 Identification of Critical Parameters and Simplified Parametric GSCF at 
Fillet-welded Base 
To simplify developed equations for stiffened tube-to-transverse plate fillet-
welded connection, similar approach as unstiffened connection was used. 
The results of neglecting each parameter at a time of the GSCF equation for the 
stiffened fillet‐welded tube‐to‐transverse plate connections at the fillet-weld toe are plotted 
in Figures 472 to 475, along with the regressed equation in each case. Instead of neglecting 
DT and NST separate, both geometric parameters were neglected simultaneously, because 
both parameters represent the stiffener spacing. Overall, the correlation coefficient reduced 
and the standard error of estimate increased compared to Equation 107 as the parameters 
were ignored one at a time. It was found that the least correlation and maximum error were 
observed when the terms related to stiffener spacing (DT and NST) were ignored. According 
to this exercise, the importance of the parameters in decreasing order based on the R2 value 
is: DT and NST, hST, tST, and tTP. As is evident, neglecting tTP had the least effect on the 
accuracy of the proposed equation, as the standard error of estimate increased to 0.011 from 
0.008 for Equation 107 (Figure 472). Thus, it was decided to eliminate tTP from Equation 
107 without any affecting the accuracy of the estimation significantly. Further 
simplification was conducted by neglecting the first DT from the proposed equation and 
rounding the coefficients and exponents in the regressed equation (Figure 476). The final 
form of the equation was simplified compare to Equation 107. As a result, R2 value was 
reduced from 0.996 to 0.989 and the standard error of estimate was increased from 0.008 
to 0.014, but the accuracy of the estimation was not affected significantly. 
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The standard residuals plotted with respect to the estimated reduction factor did 
not show distinct trend in the distribution (Figure 477). Q-Q plot also show that the 
standard residuals are aligned linearly along the reference line with respect to 
corresponding z-percentile (Figure 478). Therefore, the simplified regression model 
(Equation 108) fits the FEA data well.  
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9 PARAMETRIC EVALUATION OF INFINITE LIFE FATIGUE 
RESISTANCE 
A Parametric equation for estimating NSCF is developed in this chapter based on 
nonlinear regression of FEA results. The details of FEA were presented in Sections 3.4 and 
4.4.1. Similar to GSCF, notch stress obtained from FE model was also normalized for direct 
comparison between each model. Instead of applied nominal stress, notch stress was 
normalized by geometric stress. As it was discussed in Section 3.6, stress concentration at 
the weld notch is composed of two components — geometric effect and notch effect. Thus, 
the notch stress can be described as following: 
( ) ( ) ( )Notch Stress = Nominal Stress Geometric Effect Notch Effect× ×  (109) 
Therefore, normalizing notch stress with respect to nominal stress cannot segregate the 
influence of notch. Accordingly, notch effect was presented by normalizing notch stress 
with respect to geometric stress, hereafter identified as MoNSCF instead of NSCF.  
Notch Stress
MoNSCF=
Geometric Stress
 (110) 
The parametric equation is developed by the following general methodology. First, 
the influence of each geometric parameter on MoNSCF of the tube-to-transverse plate 
connection is evaluated, and the variation trend of MoNSCF for each geometric parameter 
is assessed. Regression model for MoNSCF is then developed based on the findings from 
the influences of each geometric parameter. 
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9.1 Influence of Geometric Parameters on MoNSCF 
A full basic factorial, which included tTP = 2.5 in. (64 mm), CBC = 1.50, COP = 
0.85, NB = 8, DT = 18 in. (457 mm) and tT = 5/16 in. (7.9 mm), was used to present the results. 
This factorial was selected to present the FEA results as much as possible within the ranges 
of geometric parameter considered for this study. The influences of each geometric 
parameter on MoNSCF is demonstrated by plotting it as ordinate against one of the 
geometric parameter as abscissa for constant values of other parameters. The ranges of the 
ordinate of each figure were fixed (from 1.8 to 3.0) to compare directly between figures. 
Therefore, each plot presents MoNSCF for a two-dimensional cross section of the multi-
dimensional factorial. 
9.1.1 Influence of Transverse Plate Thickness, tTP, on MoNSCF 
The parametric study results showing the variation of MoNSCF with respect to 
tTP for constant values of other geometric parameters are presented in Figures 479 through 
483. For all connections, tTP of 2.0 in. (51 mm), 2.5 in. (64 mm), 3.0 in. (76 mm), 3.5 in. 
(89 mm) and 4.0 in. (102 mm) were considered. Adeis evident, MoNSCF increased linearly 
with increasing tTP for all considered values of CBC (Figure 479), COP (Figure 480), NB 
(Figure 481), DT (Figure 482) and tT (Figure 483). In the figures, the difference between 
each tTP was equal to each other, 0.5 in. (13 mm), and the differences in MoNSCF between 
each tTP for a given value of subject geometric parameter were almost equal for all figures. 
For a given tTP, larger CBC or larger COP or larger DT or thicker tT produced higher MoNSCF. 
However, NB did not show any influence on the variation of MoNSCF. Except NB, 
geometric parameters making transverse plate flexible and tube stiffer produced higher 
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MoNSCF. Rate of change (slope) in MoNSCF did not vary for all considered values of 
geometric parameters except COP. Rate of change for smaller COP was slightly greater 
compared to larger COP, but the difference was not significant. It should be noted that 
changing MoNSCF within the range of tTP was small that the differences between the 
maximum and the minimum values were only about 5%. 
9.1.2 Influence of Bolt Circle Ratio, CBC, on MoNSCF  
The parametric study results showing the influence of CBC on MoNSCF are 
presented in Figures 484 through 488 for constant values of other geometric parameters. 
For all connections, CBC of 1.25, 1.50 and 1.75 were considered. As is evident, monotonic 
increasing trend of MoNSCF with increasing CBC was shown for all considered values of 
tTP (Figure 484), COP (Figure 485), NB (Figure 486), DT (Figure 487) and tT (Figure 488). 
Maybe, the increasing trend could be considered as linear, but nonlinearity was clearly 
shown from the figures which plotted variations of MoNSCF with respect to other 
geometric parameters for various CBC (Figures 479, 490, 495, 500 and 505). Although 
differences between each CBC were equal (0.25), gaps of MoNSCF between CBC of 1.25 
and 0.15 or CBC of 1.50 and 1.75 were not same for a given value of subject geometric 
parameters. The gap between CBC of 1.25 and 1.50 is larger than the gap between CBC of 
1.50 and 1.75. Thus, rate of increment reduced with increasing CBC. At a fixed CBC, higher 
MoNSCF was observed from thinner tTP, larger COP, larger DT and thicker tT. No influence 
was noted from various NB. Flexible transverse plate and stiffer tube produced higher 
MoNSCF. Rate of increase (slope) was same for all considered values of geometric 
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parameters. Similar to the influence of tTP, changing MoNSCF for increasing CBC from 
1.25 to 17.5 was small, so that the influence of CBC may be neglected.  
9.1.3 Influence of Transverse Plate Opening Ratio, COP, on MoNSCF  
Figures 489 through 493 show the effect of COP on MoNSCF for COP in range 
from 0.40 to maximum opening. As it was explained in Section 4.3.2, maximum opening 
ratio is determined by DT and tT, so it can be varying. For all considered variations of tTP 
(Figure 489), CBC (Figure 490), NB (Figure 491), DT (Figure 492) and tT (Figure 493), 
MoNSCF increased linearly with increasing COP, however, the increment was small. Linear 
increment with increasing COP could be also shown from the figures plotted MoNSCF with 
respect to other geometric parameters for various values of COP (Figures 481, 485, 496, 
501 and 506). In the figures, the difference between each COP was equal to each other (0.15) 
and the differences in MoNSCF between each COP for a given value of subject geometric 
parameter were almost equal for all figures. Thus, it proved that linear variation of 
MoNSCF with respect to COP. For a given COP, higher MoNSCF was produced from 
thinner tTP, larger CBC, larger DT and thicker tTP. Thus, the connection having flexible 
transverse plate and/or stiffer tube produced higher MoNSCF. Rate of increment (slope) 
for increasing COP was almost the same for all considered values of CBC, NB, DT and tT, but 
the slope of thicker tTP was slightly greater than thinner tTP.  
9.1.4 Influence of Number of Bolts, NB, on MoNSCF  
The parametric study results showing the variation of MoNSCF with respect to 
NB for constant values of other geometric parameters are presented in Figures 494 through 
498. Considered NB for all considered connections were varied based on the parametric 
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study matrix shown in Section 4.3.2. For all considered geometric parameters, NB did not 
affect MoNSCF at all. MoNSCF did not vary with increasing NB. For a given NB, higher 
MoNSCF was found from thinner tTP, larger CBC, larger COP, larger DT and thicker tT. 
Similar to the influences of the geometric parameters considered in previous sections, 
flexible transverse plate and/or stiffer tube produced higher MoNSCF. Another important 
aspect should be noted that there was not difference found from the loading through a plane 
including bolts or in between bolts. There was no difference in MoNSCF for NB of four 
and NB of six or more. For four bolt condition, FE model was loaded in a plane in between 
bolts. For FE models having six or more bolts, all models were loaded in a plane including 
bolts. As is evident, MoNSCF of four bolts was almost the same for MoNSCF of six or 
more bolts. It indicated that the notch effect was so localized so that loading direction did 
not influence MoNSCF. 
9.1.5 Influence of Tube Diameter, DT, on MoNSCF  
The parametric study results showing the influence of DT on MoNSCF are 
presented in Figures 499 through 503 for constant values of other geometric parameters. 
Three DT of 13 in. (330 mm), 18 in. (457 mm) and 24 in. (610 mm) were considered. 
Monotonic increasing trend was observed for all considered variations of tTP (Figure 499), 
CBC (Figure 500), COP (Figure 501), NB (Figure 502) and tT (Figure 503). Since there were 
only three DT were considered, monotonic increasing trend with increasing DT could be 
look like linear. According to the figures plotted MoNSCF with respect to other geometric 
parameters for various values of DT (Figures 482, 487, 492, 497 and 507), the gaps of 
MoNSCF between DT of 13 in. (330 mm) and 18 in. (457 mm) smaller than the gaps of 
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MoNSCF betwwen DT of 18 in. (457 mm) and 24 in. (610 mm). Thus, the rate of increase 
between DT of 13 in. (330 mm) and 18 in. (457 mm) was larger than DT of 18 in. (457 mm) 
and 24 in. (610 mm). For a given value of DT, higher MoNSCF was found from more 
flexible transverse plates (thinner tTP and larger CBC and COP) and/or stiffer tubes (larger 
DT and thicker tT). Rate of increment for increasing DT was almost the same for all 
considered values of tTP, COP and NB. 
9.1.6 Influence of Tube Thickness, tT, on MoNSCF  
The parametric study results showing the variation of MoNSCF with respect to tT 
for constant values of other geometric parameters are presented in Figures 504 through 508. 
Tube thicknesses of 0.239 in. (6.1 mm), 5/16 in. (7.9 mm), 3/8 in. (9.5 mm) and 1/2 in. (13 
mm) were considered. All figures show that MoNSCF varied almost linear trend for all 
considered values of tT (Figure 504), CBC (Figure 505), COP (Figure 506), NB (Figure 507) 
and DT (Figure 508). Unlike other geometric parameters, linear increment with increasing 
tT could not be shown from the figures plotted MoNSCF with respect to other geometric 
parameters for various values of tT (Figures 483, 488, 493, 498 and 503), because the 
differences between two adjacent values of tT were not the same. Thus, it was impossible 
to check linearity using equal gaps between any of two adjacent tT. Higher MoNSCF with 
the same tT was more pronounced for thinner tTP, larger CBC, larger COP and larger DT. 
Number of bolts did not show any influence. Rate of change (slope) in MoNSCF did not 
vary for all considered values of geometric parameters.  
It should be noted that the variation in MoNSCF due to changing tT was the most 
among other geometric parameters. The difference in corresponding MoNSCF of the 
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maximum and the minimum tT was greater than 20%. In contrary, the difference was less 
than 5% for comparing MoNSCF of extreme values of other geometric parameters. It 
should be noted that significant correlation between MoNSCF and tT does not mean that 
thicker tT gives higher notch stress resulting lower fatigue resistance, because MoNSCF 
was normalized by geometric stress and the geometric stress was also significantly 
correlated with geometric parameters. If geometric stress had decreasing relationship with 
increasing tT, actual notch stress might not significantly increase with increasing tT. 
MoNSCF only considers stress concentration caused by notch effect excluding geometric 
effect. Thus, fatigue resistance should be checked by notch stress, not MoNSCF. According 
to Section 5.1.6, increasing trend of GSCF with increasing tT was found for groove-welded 
tube-to-transverse plate connections. As a result, increasing tT could give significant 
increasing in notch stress resulting lower fatigue resistance in infinite life regime. It has 
been well known that the fatigue resistance was correlated to the plate thickness. According 
to Gurney (1979a), it was proved that the fatigue resistance of welded joints using thicker 
plates was lower compared to the same type of welded joints using thinner plates. This 
finding was supported by experimental results. The thickness correction factor, which 
decreases fatigue resistance with increasing plate thickness, has been adopted by many 
specification and recommendations for welded joints. Frank and Fisher (1979) also found 
similar fatigue behavior especially for fillet-welded cruciform joints. Both studies proved 
the behavior using crack propagation law (Paris and Erdogan 1963). Thus, both studies 
could be applied to defining fatigue resistance for finite life, but not for infinite life. 
Significant correlation between notch stresses and tube thickness, which was found from 
the parametric study, could not be explained by the previous findings because those did not 
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consider fatigue resistance in infinite life regime. Therefore, it was an interesting finding 
that increasing tT could also decrease fatigue resistance in infinite life regime.  
9.2 Development of Parametric NSCF 
In previous section, it was found that tT was most significantly influenced by 
MoNSCF. Influences from other geometric parameters were relatively insignificant. As 
such, all parametric study results were plotted for MoNSCF with respect to GSCF 
expecting the results were grouped by different tT. In Figure 509, clear separation between 
the data having different tT was demonstrated. As it was already shown in Section 9.1.6, 
thicker tube produced higher MoNSCF. Another interesting observation was that MoNSCF 
increases as increasing GSCF, but asymptotically approached to a maximum value. 
Eventually, the variation in MoNSCF with respect to GSCF became negligible at a higher 
value GSCF. This variation indicated that designing tube-to-transverse plate welded 
connection for lower GSCF with a thinner tube provided lowest notch stress as well. Thus, 
designer should not be worried about getting higher notch stress from a connection design 
having lower geometric stress (or GSCF). In addition, it should be noted that consistent 
MoNSCF does not mean that the notch stress is consistent irrespect to higher GSCF. 
MoNSCF was normalized by geometric stress (or GSCF) to eliminate the influence of 
connection geometry in the factor. Therefore, notch stress (NSCF) increases as increasing 
geometric stress (or GSCF) in any range of geometric stress, but the ratio between notch 
stress and geometric stress could be fixed value in the higher geometric stress region. For 
example, the ratio between notch stress and geometric stress for tT of 0.5 in. (13 mm) is 
about 2.65 when GSCF is greater than approximately 3.0.  
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Since the results were well grouped with respect to tT and the correlation between 
MoNSCF and tT was linear (Figures 504 through 508), all parametric study results were 
normalized with respect to tT to eliminate the dependency of tT shown in Figure 510. 
Normalizing factor was determined by performing simple linear regression with the 
maximum values of MoNSCF, which were obtained from the flat variation of MoNSCF in 
Figure 510. Simple regression result are shown in Figure 511. Due to eliminating the 
influence of tT in MoNSCF, the normalized MoNSCF (α in Figure 510) were grouped into 
one and the cluster of data point formed a thick band-like shape indicating successful 
normalization. Once it was done, upper bound of the band was taken to represent the 
correlation between MoNSCF and GSCF. The reasons of not conducting detail regression 
analyses for each geometric parameter were: 1) the influence of tT was much greater than 
other geometric parameters; and 2) taking upper bound of the band could provide 
conservative values of MoNSCF encouraging conservative design. The upper bound of the 
band shown in Figure 510 was determined and it was: 
( )
( )
GSCF
GSCF
MoNSCF 1.76 1.83 4.76 0.22 , or
NSCF 1.76 1.83 4.76 0.22 GSCF
T
T
t
t
 = + × − × 
 = + × − × × 
  (111) 
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10 CONCLUSIONS AND RECOMMENDATIONS 
Experimental study was conducted to establish fatigue resistance of various tube-
to-transverse plate welded connections. Ten types of specimens included unstiffened 
groove- and fillet-welded connections, multi-sided fillet-welded connections, and stiffened 
fillet-welded connections. In order to establish finite and infinite life regime of fatigue 
resistance, specimens were tested under various nominal stress ranges. Fatigue test results 
were compared with GSCF and NSCF of each specimen types and verified validity of using 
local stress approach for assessing finite and infinite life fatigue resistances of tube-to-
transverse plate welded connections. Fatigue resistance of the connections in both finite 
and infinite life regimes were defined in terms of GSCF and NSCF. 
This study was also conducted to develop parametric equations estimating GSCF 
and MoNSCF of various types of tube-to-transverse plate welded connections. In order to 
analytically assess fatigue resistance, local stress approach was used, which could capture 
the effect of local out-of-plane bending stress in the tube. Among number of local stress 
approaches recommended by various organizations and researchers, point measure of 
maximum principal stress on the tube surface at 0.1√(rt) ahead of the weld toe (where, r is 
the radius and t is the thickness of the tube), could adequately capture the geometric stress 
and define finite life fatigue resistance of the connection. Maximum principal stress at a 
0.04 in. (1 mm) rounded weld toe captures the notch effect in the connections and is 
appropriate for infinite life design against fatigue crack initiation from weld toe. Equations 
for GSCF and NSCF developed in this study privides efficient means of defining fatigue 
resistance of tube-to-transverse plate welded connections of diverse geometric parameters. 
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10.1 Finite Life Fatigue Resistance of Unstiffened Fillet- and Groove-welded 
Tube-to-transverse Plate Connections 
1. Under the tube bending, incompatibility between the tube and the transverse plate 
caused by ovalization of tube section generated local distortion in the tube wall. 
As a result, local distortion in the tube wall produced high stress concentration in 
the connection. 
2. Increasing stiffness of transverse plate by increasing transverse plate thicknesses, 
decreasing bolt circle diameters and decreasing transverse plate opening 
diameters (or ratios) significantly decreased GSCF at the weld toe of the 
connections.  
3. Number of bolts was also influenced GSCF, but it was not as significant as other 
geometric parameters. As a result, number of bolts was not considered for the 
simplified parametric equation.  
4. Increasing stiffness of tube by increasing tube diameters or thicknesses increased 
GSCF at the weld toe of the connections. 
5. Parametric equations were developed based on considering influcences of each 
geometric parameter on GSCF.  
10.2 Finite Life Fatigue Resistance of Multi-sided Tube-to-transverse Plate Fillet-
welded Connections 
1. Higher stress concentration developed at the bend corner adjacent to weld toe.  
2. Increasing bend radius (rb) and number of sides (NS) reduced the stress 
concentration. 
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3. Tube thickness presents the least influence on increasing geometric stress at the 
bend corner 
4. Parametric equations were developed based on the influcences of each geometric 
parameter on GSCF. 
10.3 Finite Life Fatigue Resistance of Stiffened Fillet-welded Tube-to-transverse 
Plate Connections 
1. Two locations, which are stiffener termination on the tube wall and tube-to-
transverse plate fillet-weld, presented higher stress concentration under tube 
bending and are fatigue critical as such. 
2. Local distortion in the tube wall at the termination of the stiffener produced stress 
concentration at the weld toe of the stiffener termination. 
3. Increasing ratio of stiffener thickness over tube thickness and spacing between 
adjacent stiffeners increased GSCF at the stiffener termination. 
4. Increasing stiffener thickness, height and number of stiffeners decreased stress 
concentration at the tube-to-transverse plate fillet-weld toe. 
5. Parametric equations were developed based on the influcences of each geometric 
parameter on GSCF. 
10.4 Infinite Life Fatigue Resistance 
1 Tube thickness was the only geometric parameter that significantly influences 
MoNSCF, which is defined by dividing NSCF by GSCF. 
2 Parametric equation was developed incorporating the influence of tube thickness. 
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10.5 Recommendations for Further Research 
Fatigue testing of various tube-to-transverse plate connection conducted under 
NCHRP Project 10-70 demonstrated that the weld profile could significantly influence the 
fatigue resistance of tube-to-transverse plate welded connections. Since these connections 
frequently used thin tubes, the welds could act similar to tiny stiffener. Weld profiles of all 
tested specimens including small and large size tube-to-transverse plate connections were 
already collected. Monte Carlo simulation could be conducted by automatically modeling 
FEA models. The simulation could use statistical data of weld profiles obtained from the 
tested specimens. The automation process for FEA models developed for the parametric 
study could make easier for developing FEA models having various weld profiles. 
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TABLES 
Table 1 List of Geometric Parameters 
Unstiffened Models Tube length 
Tube thickness 
Opening in transverse plate 
Transverse plate thickness 
Bolt Pattern  
Stiffened Models Tube thickness 
Stiffener thickness 
Thickness ratio between stiffener and tube 
Transverse plate thickness 
45° rotation of stiffener orientation 
Stiffeners in neutral axis 
Eight stiffeners 
Height of stiffeners 
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Table 2 Test Matrix 
Specimen 
Types Connection Details 
Tube 
Cross 
Sections 
Stress Parameters 
Total 
Smin 
(ksi) 
Sr 
H L CAFT 
I Fillet-welded tube-to-transverse plate connections Round 16 - 3 4 7 
II Groove-welded tube-to-transverse plate connection with a continuous fillet-
weld around interior face of backing ring, and backing ring welded to the 
tube with continuous fillet-weld at top face of backing ring 
Round 16 - 3 - 3 
III Groove-welded tube-to-transverse plate connection with a continuous fillet-
weld around interior face of backing ring, and backing ring not welded to the 
tube 
Round 16 3 3 4 10 
IVA Same as above Round 16 - - 2 2 
IVB Same as above Round R - - 2 2 
V Same as above Round 18 - 2 2 4 
VI Same as above Round 10 3 3 4 10 
VII Fillet-welded tube-to-transverse plate connections MS 16 - 3 4 7 
X Fillet-welded tube-to-transverse plate connections MS R - 3 - 3 
XI Groove-welded tube-to-transverse plate connection with a continuous fillet-
weld around interior face of backing ring, and backing ring welded to the 
tube with continuous fillet-weld at top face of backing ring 
MS R 3 3 4 10 
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Table 2 Continued 
Specimen 
Types Connection Details 
Tube 
Cross 
Sections 
Stress Parameters 
Total 
Smin 
(ksi) 
Sr 
H L CAFT 
XII Tube-to-transverse plate connections stiffened by longitudinal attachments 
with fillet-welds in which the tube is subjected to longitudinal loading and 
the welds are wrapped around the attachment termination 
MS R 3 3 4 10 
Notes: 
1. 1 ksi = 6.89 MPa 
2. The values under Sr and total indicates number of tested specimens 
3. Legend: 
Sr Stress range 
Smin Minimum stress in mast-arm connections 
H High level 
L Low level 
CAFT Constant amplitude fatigue threshold 
Round Roudn cross section 
MS Multi-sided cross section 
R ‒Sr/2 due to reversal loading 
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Table 3 Distribution of Round Specimens and Details 
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Table 4 Distribution of Multi-sided Specimens and Details 
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Table 5 Comparison of Failure Criteria 
 
Smin
(ksi)
Sr
(ksi)
Crack Length 
(in.) # of Cycles
Crack Length 
(in.) # of Cycles
Crack Length 
(in.) # of Cycles
I 1 Arm Base 15.9 12.0 At tube-to-transverse plate fillet-weld toe 
on the tube wall
could not catch 0.17E+06 could not catch could not catch N/A
2 Arm Base 15.9 12.0 At tube-to-transverse plate fillet-weld toe 
on the tube wall
5.875 0.41E+06 5 0.41E+06 N/A
3 Arm Base 15.9 12.0 At tube-to-transverse plate fillet-weld toe 
on the tube wall
3 1.64E+06 5 1.71E+06
II Arm Base 15.5 11.9 From the toe of fillet-weld termination on 
the tube wall at the top of backing ring
2.125 1.63E+06 5 1.65E+06 N/A
Pole Base 9.0 6.9 At tube-to-transverse plate groove-weld 
toe on the tube wall
5 2.08E+06 N/A
2 Arm Base 12.9 9.9 At tube-to-transverse plate groove-weld 
toe on the tube wall
3.25 1.74E+06 4.5 2.03E+06 N/A
12.9 9.9 At tube-to-transverse plate groove-weld 
toe on the tube wall
2.25 2.05E+06 N/A
15.5 11.9 From the toe of fillet-weld termination on 
the tube wall at the top of backing ring
5 2.05E+06 5 2.08E+06
12.9 9.9 At tube-to-transverse plate groove-weld 
toe on the tube wall
3.375 1.81E+061) Test terminated 
before 5" crack 
occurrence
N/A
15.5 11.9 From the toe of fillet-weld termination on 
the tube wall at the top of backing ring
2 1.81E+061)
2 Arm Base 12.9 9.9 At tube-to-transverse plate groove-weld 
toe on the tube wall
2.25 2.03E+061) 5.25 3.49E+06 N/A
3 Arm Base 12.9 9.9 At tube-to-transverse plate groove-weld 
toe on the tube wall
2.5 2.07E+061) N/A
15.5 11.9 From the toe of fillet-weld termination on 
the tube wall at the top of backing ring
1 2.07E+061) 5 2.21E+06
VII 1 Arm Base 15.3 12 At tube-to-transverse plate fillet-weld toe 
on the tube wall
6.875 0.34E+06 5.375 0.21E+06 6.625 3.90E+05
Pole Base 8.4 6.6 At tube-to-transverse plate fillet-weld toe 
on the tube wall
5 0.37E+06
2 Arm Base 15.3 12 At tube-to-transverse plate fillet-weld toe 
on the tube wall
6.875 0.29E+06 5.375 0.20E+06
3 Arm Base 15.3 12 At tube-to-transverse plate fillet-weld toe 
on the tube wall
5 0.21E+06 7.875 4.93E+05
Pole Base 8.4 6.6 At tube-to-transverse plate fillet-weld toe 
on the tube wall
5 0.36E+06
0% dropped at the termination of 
the test
0% dropped at the termination of 
the test
Specimen 
Type
Replaced 
Arms 
Type II-R
Arm Base
1 Arm Base
0% dropped at the termination of 
the test
3
1
Detail
Specimen
 ID
10% drop of stress range at control 
gauge
Displacement changed 1.5 %  at 
the termination of test
Nominal Stress 
Parameters
Description of Crack Location and Origin
5% drop of max. and min. 
displacement5 in. crack occurrence
Displacement changed 4.9 % at 
the termination of test
8.3% dropped at the termination of 
test
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Table 5 Continued 
 
Notes: 
1. 1 ksi = 6.89 MPa 
2. 1 in. = 25.4 mm 
3. Cracks in mulple location affected the stress reduction in control gauge 
 
  
Smin
(ksi)
Sr
(ksi)
Crack Length 
(in.) # of Cycles
Crack Length 
(in.) # of Cycles
Crack Length 
(in.) # of Cycles
X 1 Pole Base -5.0 10.0 At tube-to-transverse plate fillet-weld toe 
on the tube wall
5 1.59E+06
2 Pole Base -4.0 8.0 At tube-to-transverse plate fillet-weld toe 
on the tube wall
5 2.06E+06
3 Pole Base -4.0 8.0 At tube-to-transverse plate fillet-weld toe 
on the tube wall on handhole side and 
opposite.
5 0.77E+06
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
10% drop of controlling stress range
0% dropped at the termination of the 
test
0% dropped at the termination of the 
test
0% dropped at the termination of the 
test
0.7% changed at the termination of 
test
0% changed at the termination of 
test
0% changed at the termination of 
test
5 in. crack occurrence
5% drop of max. and min. 
displacement
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Table 6 Summary of Fatigue Test Results 
 
Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Arm Base 15.9 12.0 At tube-to-end plate fillet weld toe on the 
tube wall
9.00 .18E+06 5.00 .18E+06 9.00 .18E+06 Testing continued with 
Replacement Arms II-R-1 & II-R-
3
Handhole 9.1 7.0 From the root of hand hole frame to pole 
fillet weld - Bottom right corner
0.50 1.78E+06 8.00 2.72E+06 Hole drilled for continuing test;
Crack reappeared from arrest 
hole; Crack terminated the 
fatigue test
Pole Base 8.8 6.8 Did not crack
Ring Stiffened 
Box Connection
9.8 7.5 Did not crack
Arm Base 15.9 12.0 At tube-to-end plate fillet weld toe on the 
tube wall
2.25+1.88b) .37E+06 5.00 .41E+06 5.88 .41E+06 Testing continue with 
Replacement Arm II-R-2 & II-
R_3
Handhole 9.1 7.0 From the root of hand hole frame to pole 
fillet weld - Bottom right corner
0.75 1.55E+06 4.38 3.77E+06 Hole drilled for continuing test;
Crack reappeared from arrest 
hole; 
From the root of hand hole frame to pole 
fillet weld - Top right corner
0.25 2.10E+06 1.75 3.77E+06 Hole drilled for continuing test;
Crack reappeared from arrest 
hole; 
Pole Base 8.8 6.8 Did not crack
Ring Stiffened 
Box Connection
9.8 7.5 Did not crack
Arm Base 15.9 12.0 At tube-to-end plate fillet weld toe on the 
tube wall
1.88 1.26E+06 5.00 1.67E+06 6.00 1.77E+06 Crack terminated the fatigue 
test
Handhole 9.1 7.0 From the root of hand hole frame to pole 
fillet weld - Bottom right corner
1.00 2.47E+06 3.00 3.27E+06 Continued with special arm. 
Hole drilled for continuing test;
Crack reappeared from arrest 
hole; 
Pole Base 8.8 6.8 Did not crack
Ring Stiffened 
Box Connection
9.8 7.5 Did not crack
Arm Base 15.9 7.0 At tube-to-end plate fillet weld toe on the 
tube wall
2.75 2.30E+06 5.00 2.73E+06 5.13 2.73E+06 Testing continued with special 
arm
Handhole 9.1 4.1 Did not crack
Pole Base 8.8 4.0 Run-out at 20.00E+06 cycles
Ring Stiffened 
Box Connection
9.8 4.4 Did not crack
Handhole 9.1 5.8 From the root of hand hole frame to pole 
fillet weld - Top left corner
1.25 7.40E+06 1.25 7.40E+06 1.25 7.40E+06 Continued with special arm. 
Hole drilled for continuing test. 
Pole Base 8.8 5.7 Crack reappeared from arrerst 
hole. Test terminated
Ring Stiffened 
Box Connection
9.8 6.3
Detail
2
I
Specimen 
Type
I
Comments
1
First Observation Final
Nominal Stress 
Parameters
Description of Crack Location and Origin
Crack Length at 
Half of Diameter
3
Specimen
 ID
4
4
Re-run 1
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Table 6 Continued 
 
  
Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Arm Base 15.9 7.0 At tube-to-end plate fillet weld toe on the 
tube wall
0.38 3.11E+06 5.00 5.98E+06 5.38 5.98E+06 Testing continued with special 
arm
Handhole 9.1 4.1 Did not crack
Pole Base 8.8 4.0 Run-out at 20.00E+06 cycles
Ring Stiffened 
Box Connection
9.8 4.4 Did not crack
Handhole 9.1 5.8 Did not crack
Pole Base 8.8 5.7 At tube-to-end plate fillet weld toe on the 
tube wall
0.88+0.38 1.77E+06 6.50 3.54E+06 7.13 3.64E+06 Crack terminated the fatigue 
test
Ring Stiffened 
Box Connection
9.8 6.3 Did not crack
Arm Base 15.9 4.5 Run-out at 20.00E+06 cycles
Handhole 9.1 2.6 Did not crack
Pole Base 8.8 2.6 Did not crack
Ring Stiffened 
Box Connection
9.8 2.8 Did not crack
Arm Base 15.9 7.0 At tube-to-end plate fillet weld toe on the 
tube wall
1.00 1.40E+06 5.00 2.13E+06 5.75 2.13E+06 Testing continued with special 
arm.
Run-out at 20.00E+06 cyclesHandhole 9.1 4.1 From the root of hand hole frame to pole 
fillet weld - Top left corner
1.25 20.00E+06 1.25 20.00E+06 Hole drilled for continuing t t
Pole Base 8.8 4.0 Run-out at 20.00E+06 cycles
Ring Stiffened 
Box Connection
9.8 4.4 Did not crack
Handhole 9.1 5.8 2.00 1.04E+06 Crack reappeared from arrerst 
hole. Test terminated
Pole Base 8.8 5.7
Ring Stiffened 
Box Connection
9.8 6.3
5
Re-run 1
I
6
Re-run 1
6
Re-run 2
6
5
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
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Table 6 Continued 
 
Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
I 7 Arm Base 15.9 4.5 Run-out at 20.00E+06 cycles
Handhole 9.1 2.6 Did not crack
Pole Base 8.8 2.6 Did not crack
Ring Stiffened 
Box Connection
9.8 2.8 Did not crack
7
Re-run 1
Arm Base 15.9 7.0 At tube-to-end plate fillet weld toe on the 
tube wall
0.75 1.84E+06 5.00 2.87E+06 5.25 2.87E+06 Testing continued with special 
arm
Handhole 9.1 4.1 Did not crack
Pole Base 8.8 4.0 At tube-to-end plate fillet weld toe on the 
tube wall
0.44 3.05E+06 6.50 8.20E+06 6.81 8.32E+06 Crack terminated the fatigue 
test
Ring Stiffened 
Box Connection
9.8 4.4 Did not crack
II Arm Base 15.5 11.9 From the toe of seal weld termination on 
the tube wall at the top of backing ring
1.88 1.61E+06 5.00 1.65E+06 10.00 1.68E+06 Testing continued with 
Replacement Arm II-R-1
Handhole 9.1 7.0 From the root of hand hole frame to pole 
fillet weld - Top right corner
1.00 1.72E+06 2.50 2.39E+06 Hole drilled for continuing test;
Crack reappeared from arrest 
hole
Pole Base 9.0 6.9 At tube-to-end plate full-pen weld toe on 
the tube wall
4.00 1.98E+06 5.00 2.08E+06 7.00 2.39E+06 Crack terminated the fatigue 
test
Gussetted Box 
Connection
2.5 1.9 Did not crack
2 12.9 9.9 At tube-to-end plate full-pen weld toe on 
the tube wall
2.00 1.32E+06 4.50 2.03E+06
15.5 11.9 From the toe of seal weld termination on 
the tube wall at the top of backing ring
1.50 1.88E+06 2.38 2.03E+06
Handhole 9.1 7.0 From the root of Hand Hole Frame to pole 
fillet weld - Bottom right corner
5.00 2.03E+06 5.00 2.03E+06 Crack terminated the fatigue 
test
Pole Base 9.0 6.9 Did not crack
Gussetted Box 
Connection
2.5 1.9 Did not crack
12.9 9.9 At tube-to-end plate full-pen weld toe on 
the tube wall
1.00 1.41E+06 2.25 2.08E+06
15.5 11.9 From the toe of seal weld termination on 
the tube wall at the top of backing ring
5.00 2.08E+06 5.00 2.08E+06 5.00 2.08E+06
Handhole 9.1 7.0 From the root of hand hole frame to pole 
fillet weld - Top right corner
0.50 2.21E+06 7.25 2.97E+06 Hole drilled for continuing test;
Crack reappeared from arrest 
9.1 7.0 From the root of hand hole frame to pole 
fillet weld - Bottom right corner
0.25 2.57E+06 4.50 2.97E+06
Pole Base 9.0 6.9 Did not crack
Gussetted Box 
Connection
2.5 1.9 Did not crack
1
Arm Base
3 Testing continued with 
Replacement Arm II-R-2
Arm Base
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
12.9 9.9 At tube-to-end plate full-pen weld toe on 
the tube wall
1.25 1.17E+06 3.38 1.81E+06 Failed
15.5 11.9 From the toe of seal weld termination on 
the tube wall at the top of backing ring
2.00 1.81E+06 2.00 1.81E+06
2 Arm Base 12.9 9.9 At tube-to-end plate full-pen weld toe on 
the tube wall
1.00 1.29E+06 5.00 3.49E+06 5.25 3.49E+06 Failed
3 Arm Base 12.9 9.9 At tube-to-end plate full-pen weld toe on 
the tube wall
1.50 1.49E+06 2.50 2.21E+06 Failed (terminated the fatigue 
test of specimen I-2)
15.5 11.9 From the toe of seal weld termination on 
the tube wall at the top of backing ring
0.50 1.55E+06 5.00 2.21E+06 6.75 2.21E+06
III 1 Arm Base 16.2 12.0 At tube-to-end plate full-pen weld toe on 
the tube wall
1.50 .98E+06 5.00 1.36E+06 5.75 1.43E+06 Testing continued with special 
arm
Handhole 9.7 6.8
Pole Base 9.3 6.5 Run-out at 9.42E+06 cycles
Ring Stiffened 
Box Connection
10.0 7.0
1
Re-run 1
Handhole 9.7 10.5 Right top corner 0.38 .94E+06 3.50 1.00E+06 Hole drilled to continue test; 
Crack reappeared from arrest. 
Test terminated
Pole Base 9.3 10.0
Ring Stiffened 
Box Connection
10.0 10.8
2 Arm Base 16.2 12.0 At tube-to-end plate full-pen weld toe on 
the tube wall
1.06 1.86E+06 5.00 5.04E+06 5.06 5.09E+06 Testing continued with special 
arm
Handhole 9.7 6.8
Pole Base 9.3 6.5 Run-out at 9.42E+06 cycles
Ring Stiffened 
Box Connection
10.0 7.0
2
Re-run 1
Handhole 9.7 10.5
Pole Base 9.3 10.0 Run-out at 8.16E+06 cycles
Ring Stiffened 
Box Connection
10.0 10.8
Crack Length at 
Half of Diameter Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Arm BaseReplaced 
Arms 
Type II-R
1
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
III 2
Re-run 2
Handhole 9.7 12.6 Left bottom corner 5.63 .58E+06 5.63 .58E+06
Pole Base 9.3 12.0 Crack terminated fatigue test
Ring Stiffened 
Box Connection
10.0 12.9
3 Arm Base 16.2 12.0 At tube-to-end plate full-pen weld toe on 
the tube wall
0.63 1.25E+06 5.00 2.05E+06 5.13 2.20E+06 Testing continued with special 
arm
Handhole 9.7 6.8
Pole Base 9.3 6.5 Run-out at 9.42E+06 cycles
Ring Stiffened 
Box Connection
10.0 7.0
3
Re-run 1
Handhole 9.7 10.5 Left top corner 5.50 .37E+06 5.50 .37E+06
9.7 10.5 Right bottom corner 3.50 .37E+06 3.50 .37E+06 Crack terminated fatigue test
Pole Base 9.3 10.0
Ring Stiffened 
Box Connection
10.0 10.8
4 Arm Base 16.2 7.0 Run-out at 14.70E+06 cycles
Handhole 9.7 4.0 Did not crack
Pole Base 9.3 3.8 Did not crack
Ring Stiffened 
Box Connection
10.0 4.1 Did not crack
4
Re-run 1
Arm Base 16.2 10.0 Run-out at 8.16E+06 cycles
Handhole 9.7 5.7 Did not crack
Pole Base 9.3 5.4 Did not crack
Ring Stiffened 
Box Connection
10.0 5.8 Did not crack
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
III 4
Re-run 2
Arm Base 16.2 12.0 Run-out at 6.95E+06 cycles
Handhole 9.7 6.8 Did not crack
Pole Base 9.3 6.5 Run-out at 9.42E+06 cycles
Ring Stiffened 
Box Connection
10.0 7.0 Did not crack
4
Re-run 3
Arm Base 16.2 16.0 At tube-to-end plate full-pen weld toe on 
the tube wall
1.63 .20E+06 5.00 .28E+06 5.38 .28E+06 Crack terminated the fatigue 
test
Handhole 9.7 9.1 Did not crack
Pole Base 9.3 8.7 Run-out at 9.78E+06 cycles
Ring Stiffened 
Box Connection
10.0 9.3 Did not crack
4
Re-run 4
Handhole 9.7 10.4 Did not crack
Pole Base 9.3 10.0 Run-out at 8.16E+06 cycles
Ring Stiffened 
Box Connection
10.0 10.7 Did not crack
4
Re-run 5
Handhole 9.7 12.5 Did not crack
Pole Base 9.3 12.0 Run-out at 6.95E+06 cycles
Ring Stiffened 
Box Connection
10.0 12.9 Did not crack
4
Re-run 6
Handhole 9.7 16.7 Left bottom corner 1.81 .29E+06 1.81 .29E+06 Crack terminated the fatigue 
test
9.7 16.7 Right top corner 0.56 .29E+06 0.56 .29E+06
Pole Base 9.3 16.0 Did not crack
Ring Stiffened 
Box Connection
10.0 17.2 Did not crack
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
III 5 Arm Base 16.2 10.0 From the toe of tack weld termination on 
the tube wall at the top of backing ring
2.00 6.96E+06 5.00 7.42E+06 5.31 7.43E+06 Testing continued with special 
arm
Handhole 9.7 5.7
Pole Base 9.3 5.4 Run-out at 16.7E+06 cycles
Ring Stiffened 
Box Connection
10.0 5.8
5
Re-run 1
Handhole 9.7 6.8
Pole Base 9.3 6.5 Run-out at 9.42E+06 cycles
Ring Stiffened 
Box Connection
10.0 7.0
5
Re-run 2
Handhole 9.7 9.1
Pole Base 9.3 8.7 Run-out at 9.78E+06 cycles
Ring Stiffened 
Box Connection
10.0 9.3
5
Re-run 3
Handhole 9.7 10.5
Pole Base 9.3 10.0 Run-out at 8.16E+06 cycles
Ring Stiffened 
Box Connection
10.0 10.8
5
Re-run 4
Handhole 9.7 12.6 Left top corner 3.56 .77E+06 3.56 .77E+06 Crack terminated fatigue test
Pole Base 9.3 12.0
Ring Stiffened 
Box Connection
10.0 12.9
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
III 6 Arm Base 16.2 10.0 From the toe of tack weld termination on 
the tube wall at the top of backing ring
1.50 9.23E+06 5.00 9.56E+06 7.13 9.64E+06 Testing continued with special 
arm
Handhole 9.7 5.7
Pole Base 9.3 5.4 Run-out at 16.7E+06 cycles.
Ring Stiffened 
Box Connection
10.0 5.8
6
Re-run 1
Handhole 9.7 6.8
Pole Base 9.3 6.5 Run-out at 9.42E+06 cycles
Ring Stiffened 
Box Connection
10.0 7.0
6
Re-run 2
Handhole 9.7 10.5 Left top corner 2.75 .85E+06 2.75 .85E+06 Crack terminated fatigue test
Pole Base 9.3 10.0
Ring Stiffened 
Box Connection
10.0 10.8
7 Arm Base 16.2 10.0 Run-out at 8.16E+06 cycles
Handhole 9.7 5.7
Pole Base 9.3 5.4
Ring Stiffened 
Box Connection
10.0 5.8
7
Re-run 1
Arm Base 16.2 12.0 Run-out at 6.95E+06 cycles
Handhole 9.7 6.8
Pole Base 9.3 6.5 Run-out at 9.42E+06 cycles
Ring Stiffened 
Box Connection
10.0 7.0
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
III 7
Re-run 2
Arm Base 16.2 16.0 At tube-to-end plate full-pen weld throat 2.00 .81E+06 5.00 1.40E+06 5.25 1.47E+06 Testing continued with special 
arm
16.2 16.0 At tube-to-end plate full-pen weld toe on 
the tube wall
0.50 1.29E+06 0.50 1.47E+06
Handhole 9.7 9.1
Pole Base 9.3 8.7 Run-out at 9.,78E+06 cycles
Ring Stiffened 
Box Connection
10.0 9.3
7
Re-run 3
Handhole 9.7 10.4
Pole Base 9.3 10.0 Run-out at 8.16E+06 cycles
Ring Stiffened 
Box Connection
10.0 10.7
7
Re-run 4
Handhole 9.7 12.5 Left bottom corner 6.75 .69E+06 6.75 .69E+06 6.75 .69E+06 Crack terminated fatigue test
Pole Base 9.3 12.0
Ring Stiffened 
Box Connection
10.0 12.9
8 Arm Base 16.2 16.0 At tube-to-end plate full-pen weld toe on 
the tube wall
0.25 5.84E+06 5.00 6.70E+06 5.63 6.75E+06 Testing continued with special 
arm
Handhole 9.7 9.1 Did not crack
Pole Base 9.3 8.7 Run-out at 9.78E+06 cycles
Ring Stiffened 
Box Connection
10.0 9.3 Did not crack
8
rerun-1
Handhole 9.7 10.4 Right top corner 3.00 .85E+06 3.00 .85E+06 Crack terminated fatigue test
Pole Base 9.3 10.0
Ring Stiffened 
Box Connection
10.0 10.7
Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
III 9 Arm Base 16.2 16.0 At tube-to-end plate full-pen weld toe on 
the tube wall
1.25 .27E+06 5.00 .4E+06 6.69 .47E+06 Crack terminated the fatigue 
test
Handhole 9.7 9.1 Did not crack
Pole Base 9.3 8.7 Did not crack
Preserved for the stability test
Ring Stiffened 
Box Connection
10.0 9.3 Did not crack
10 Arm Base 16.2 16.0 At tube-to-end plate full-pen weld toe on 
the tube wall
1.13 4.79E+06 5.00 5.18E+06 5.38 5.20E+06 Testing continued with special 
arm
Handhole 9.7 9.1
Pole Base 9.3 8.7 Run-out at 9.78E+06 cycles
Ring Stiffened 
Box Connection
10.0 9.3
10
rerun-1
Handhole 9.7 10.4 Left top corner 7.50 .48E+06 7.50 .48E+06 Crack terminated fatigue test
9.7 10.4 Right top corner 3.50 .48E+06 3.50 .48E+06
Pole Base 9.3 10.0
Ring Stiffened 
Box Connection
10.0 10.7
IVA Arm Base 16.0 7.0 Run-out at 14.7E+06 cycles
Pole Base 8.7 3.8
Gussetted Box 
Connection
2.6 1.1
Arm Base 16.0 10.0 Run-out at 8.16E+06 cycles
Pole Base 8.7 5.4
Gussetted Box 
Connection
2.6 1.6
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
1
1
Rerun-1
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
IVA Arm Base 16.0 12.0 At tube-to-end plate full-pen weld toe on 
the tube wall
0.50 3.29E+06 5.00 4.20E+06 5.50 4.25E+06 Testing continued with special 
arm
Pole Base 8.7 6.5 Run-out at 9.42E+06 cycles
Gussetted Box 
Connection
2.6 2.0
Pole Base 8.7 10.0 Run-out at 8.16E+06 cycles
Gussetted Box 
Connection
2.6 3.0
Pole Base 8.7 12.0 1.50 3.66E+06 6.50 5.03E+06 14.13 5.17E+06 Crack terminated fatigue test
Gussetted Box 
Connection
2.6 3.6
Arm Base 16.0 7.0 Run-out at 14.7E+06 cycles
Pole Base 8.7 3.8
Gussetted Box 
Connection
2.6 1.1
Arm Base 16.0 10.0 Run-out at 8.16E+06 cycles
Pole Base 8.7 5.4
Gussetted Box 
Connection
2.6 1.6
Arm Base 16.0 12.0 Run-out at 6.95E+06 cycles
Pole Base 8.7 6.5
Gussetted Box 
Connection
2.6 2.0
Arm Base 16.0 16.0 Run-out at 12.5E+06 cycles
Pole Base 8.7 8.7
Gussetted Box 
Connection
2.6 2.6
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
1
Rerun-3
1
Rerun-2
2
Rerun-3
2
Rerun-2
2
2
Rerun-1
1
Rerun-4
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
IVA Arm Base 16.0 24.0 At tube-to-end plate full-pen weld toe on 
the tube wall
11.25 .33E+06 5.00 .33E+06 11.25 .33E+06 Testing continued with special 
arm
Pole Base 8.7 13.0 At tube-to-end plate full-pen weld toe on 
the tube wall
2.00 2.67E+06 6.50 3.21E+06 8.50 3.28E+06 Crack terminated fatigue test
Gussetted Box 
Connection
2.6 3.9
IVB Arm Base -5.0 10.0 Run-out at 8.16E+06 cycles
Hand hole -2.9 5.8
Pole Base -2.7 5.4
Gussetted Box 
Connection
-0.8 1.6
Arm Base -6.0 12.0 Run-out at 6.95E+06 cycles
Hand hole -3.5 7.0
Pole Base -3.2 6.5
Gussetted Box 
Connection
-1.0 1.9 From the root of left side gusset plate-to-
pole fillet weld - Bottom left corner
2.00 5.78E+06 2.00 5.78E+06 Hole drilled to continue test. 
Arm Base -8.0 16.0
Hand hole -4.7 9.3 From the root of hand hole frame to pole 
fillet weld - Bottom left corner
3.00 .7E+06 4.00 1.28E+06 Hole drilled to continue test. 
Crack reappeared from arrest 
hole. Test terminated
Pole Base -4.3 8.6
Gussetted Box 
Connection
-1.3 2.6
Arm Base -5.0 10.0
Hand hole -2.9 5.8 From the root of hand hole frame to pole 
fillet weld - Bottom left corner
1.00 3.48E+06 3.00 4.18E+06 Hole drilled to continue test. 
Crack reappeared from arrest 
hole. Test terminated
Pole Base -2.7 5.4
Gussetted Box 
Connection
-0.8 1.6
Crack Length at 
Half of Diameter Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
2
1
2
Rerun-4
1
Rerun-2
1
Rerun-1
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
V Pole 1 Pole Base 9.1 12.0 At tube-to-end plate fulll penetration weld 
toe on the end plate
8.25 .27E+06 8.25 .27E+06a 8.25 .27E+06 Crack terminated the fatigue 
test
2 Pole Base 9.1 12.0 At tube-to-end plate fulll penetration weld 
toe on the end plate
3.25 1.10E+06 6.50 1.25E+06 6.63 1.27E+06 Crack terminated the fatigue 
test
3 Pole Base 5.3 12.0 At tube-to-end plate fulll penetration weld 
toe on the end plate
1.50 1.46E+06 6.50 1.64E+06 8.44 1.68E+06 Crack terminated the fatigue 
test
4 Pole Base 5.3 12.0 Test did not finished
VI Pole 1 Pole Base 8.4 12.0 Test continued at higher stress 
range. Run-out at 6.95E+06 
cycles
1
Rerun-1
Pole Base 8.4 16.0 At tube-to-end plate full penetration weld 
toe on tube wall
0.75 4.43E+06 6.50 4.99E+06 7.75 5.03E+06 Crack terminated the fatigue 
test
2 Pole Base 8.4 12.0 Test continued at higher stress 
range. Run-out at 6.95E+06 
cycles
2
Rerun-1
Pole Base 8.4 16.0 Test continued at higher stress 
range. Run-out at 12.5E+06 
cycles
2
Rerun-2
Pole Base 8.4 24.0 Test stopped. Run-out at  
14.7E+06 cycles
3 Pole Base 8.4 12.0 Test continued at higher stress 
range. Run-out at 6.95E+06 
cycles
3
Rerun-1
Pole Base 8.4 16.0 Test continued at higher stress 
range. Run-out at 12.5E+06 
cycles
3
Rerun-2
Pole Base 8.4 24.0 At tube-to-end plate full penetration weld 
toe on tube wall
9.50 .76E+06 9.50 .76E+06 9.50 .76E+06 Crack terminated the fatigue 
test
4 Pole Base 8.4 12.0 Test continued at higher stress 
range. Run-out at 6.95E+06 
cycles
Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
VI Pole 4
Rerun-1
Pole Base 8.4 16.0 At tube-to-end plate full penetration weld 
toe on tube wall
0.50 12.2E+06 6.50 12.8E+06 8.38 13.0E+06 Crack terminated the fatigue 
test
6 Pole Base 8.4 12.0 Test continued at higher stress 
range. Run-out at 6.95E+06 
cycles
6
Rerun-1
Pole Base 8.4 16.0 At tube-to-end plate full penetration weld 
toe on tube wall
1.25 .48E+06 6.50 1.00E+06 9.50 1.07E+06 Crack terminated the fatigue 
test
Seam weld root 1.25 .48E+06 5.63 1.07E+06
7 Pole Base 8.4 12.0 At tube-to-end plate full penetration weld 
toe on tube wall
5.13 5.08E+06 6.50 5.15E+06 7.75 5.21E+06 Crack terminated the fatigue 
test
8 Pole Base 8.4 13.1 Run-out at 6.20E+06 cycles
8
Rerun-1
Pole Base 8.4 16.0 Run-out at 12.5E+06 cycles
8
Rerun-2
Pole Base 8.4 24.0 At tube-to-end plate full penetration weld 
toe on tube wall
1.00 .56E+06 6.50 .88E+06 8.88 .91E+06 Crack terminated the fatigue 
test
9 Pole Base 8.4 13.1 At tube-to-end plate full penetration weld 
toe on tube wall
0.25 1.0E+06 6.50 2.43E+06 12.75 2.56E+06 Crack terminated the fatigue 
test
10 Pole Base 8.4 13.1 Run-out at 6.20E+06 cycles
10
Rerun-1
Pole Base 8.4 16.0 At tube-to-end plate full penetration weld 
toe on tube wall
0.38 .89E+06 6.50 1.35E+06 8.00 1.44E+06 Crack terminated the fatigue 
test
VII 1 Arm Base 15.3 12.0 At tube-to-end plate fillet weld toe on the 
tube wall
0.5+0.5b) 0.04E+06 5.00 0.21E+06 14.88 .44E+06 Crack terminated the fatigue 
test
Handhole 8.8 6.9 Did not crack
Pole Base 8.4 6.6 At tube-to-end plate fillet weld toe on the 
tube wall
2.00 0.09E+06 2.00+3.25b) .44E+06
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
VII 2 Arm Base 15.3 12.0 At tube-to-end plate fillet weld toe on the 
tube wall
2.00 0.04E+06 5.00 0.20E+06 10.75 .44E+06 Crack terminated the fatigue 
test
Handhole 8.8 6.9 Did not crack
Pole Base 8.4 6.6 At tube-to-end plate fillet weld toe on the 
tube wall
0.38 0.09E+06 1.25+2.00b) .44E+06
3 Arm Base 15.3 12.0 At tube-to-end plate fillet weld toe on the 
tube wall
0.63+0.5b) 0.01E+06 5.00 0.21E+06 9.25 .53E+06 Crack terminated the fatigue 
test
Handhole 8.8 6.9 Did not crack
Pole Base 8.4 6.6 At tube-to-end plate fillet weld toe on the 
tube wall
0.50 .10E+06 5.00 0.52E+06 3.00+3.63b) .53E+06
4 Arm Base 15.3 4.5 At tube-to-end plate fillet weld toe on the 
tube wall
0.50 1.03E+06 .63+.88+3.5b 3.40E+06 9.50 4.36E+06 Crack terminated the fatigue 
test
Handhole 8.8 2.6 At handhole frame seam weld root 0.75 3.27E+06 Hole drilled.  Testing continued.
Pole Base 8.4 2.5 Test continued with special 
arm. Run-out at 20.00E+06 
cycles
4
Rerun-1
Handhole 8.8 4.7 At handhole frame seam weld root 2.00 1.18E+06 2.00E+00 1.18E+06 Crack reappeared from arrest 
hole. Test terminated
Pole Base 8.4 4.5
5 Arm Base 15.3 4.5 At tube-to-end plate fillet weld toe on the 
tube wall
0.13 .39E+06 5.00 6.41E+06 10.25 7.57E+06 Test continued with special arm
Handhole 8.8 2.6 At handhole frame seam weld root 0.50 12.5E+06 Hole drilled.  Testing continued.
Pole Base 8.4 2.5 Run-out at 20.00E+06 cycles
5
Rerun-1
Handhole 8.8 4.7
Pole Base 8.4 4.5 At tube-to-end plate fillet weld toe on the 
tube wall
1.13 .65E+06 6.50 1.78E+06 10.50 2.11E+06 Crack terminated fatigue test
6 Arm Base 15.3 2.5 Run-out at 20.00E+06 cycles
Handhole 8.8 1.5 Did not crack
Pole Base 8.4 1.4 Did not crack
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
VII 6
Re-run 1
Arm Base 15.3 4.5 Run-out at 20.00E+06 cycles
Handhole 8.8 2.7 At handhole frame seam weld root 0.94 8.91E+06 1.19 10.01E+06 1.19 10.01E+06 Hole drilled.  Testing continued.
Pole Base 8.4 2.5 Did not crack
6
Re-run 2
Arm Base 15.3 7.0 At tube-to-end plate fillet weld toe on the 
tube wall
0.88 .89E+06 5.00 2.20E+06 7.00 2.32E+06 Test continued with special arm
Pole Base 8.4 3.9 At tube-to-end plate fillet weld toe on the 
tube wall
1.88 11.50E+06 6.38 15.44E+06
Handhole 8.8 3.9 From the root of hand hole frame to pole 
fillet weld - bottom left corner
5.00 15.44E+06 5.00 15.44E+06 Crack terminated the fatigue 
test
7 Arm Base 15.3 2.5 At tube-to-end plate fillet weld toe on the 
tube wall
0.88 0.07E+06 Run-out at 20.00E+06 cycles
Handhole 8.8 1.5 Did not crack
Pole Base 8.4 1.4 Did not crack
7
Re-run 1
Arm Base 15.3 4.5 At tube-to-end plate fillet weld toe on the 
tube wall
5.00 5.42E+06 10.00 6.85E+06 Test continued with special arm
Handhole 8.8 2.7 At handhole frame seam weld root 1.00 2.56E+06 1.13 4.06E+06 Hole drilled.  Testing continued.
Pole Base 8.4 2.5 Run-out at 20.00E+06 cycles
7
Re-run 2
Pole Base 8.4 3.9 At tube-to-end plate fillet weld toe on the 
tube wall
0.25 4.62E+06 6.50 14.38E+06 6.63 14.44E+06 Crack terminated the fatigue 
test
X 1 Pole Base -2.7 5.4 Run-out at 17.00E+06 cycles
Handhole
1
Re-run 1
Pole Base -4.0 8.0 Run-out at 13.00E+06 cycles
Handhole
1
Re-run 2
Pole Base -5.0 10.0 At tube-to-end plate fillet weld toe on the 
tube wall
1.50 1.38E+06 5.00 1.59E+06 17.00 1.78E+06 Crack terminated fatigue test
Handhole Did not crack
2 Pole Base -4.0 8.0 At tube-to-end plate fillet weld toe on the 
tube wall
1.00+1.50b) 1.75E+06 5.00 2.06E+06 12.00 2.39E+06 Crack terminated fatigue test
Handhole Did not crack
Crack Length at 
Half of Diameter Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
  
 
327 
Table 6 Continued 
 
  
Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
X 3 Pole Base -4.0 8.0 At tube-to-end plate fillet weld toe on the 
tube wall on handhole side and opposite.
3.88 .68E+06 5.00 .77E+06 17.00 1.02E+06 Crack terminated fatigue test
Handhole Did not crack
XI 1 Pole Base -6.0 12.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
5.00 .75E+06 12.00 .98E+06 16.06 1.13E+06
-5.8 11.6 From the toe of weld termination on the 
tube wall at the top of backing ring (at 
180o)*
12.25 1.13E+06 12.00 1.06E+06a 12.25 1.13E+06 Backing ring crack terminated 
fatigue test
Handhole -4.5 9.0 Did not crack
2 Pole Base -6.0 12.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
2.38 1.56E+06 12.00 3.09E+06 14.75 3.49E+06
-5.8 11.6 From the toe of weld termination on the 
tube wall at the top of backing ring (at 0o)*
4.38 3.13E+06 12.00 3.43E+06 12.50 3.49E+06 Backing ring crack terminated 
fatigue test
Handhole -4.5 9.0 Did not crack
3 Pole Base -6.0 12.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
3.13 .33E+06 11.44 .77E+06
-6.0 12.0 At tube-to-end plate weld toe on the tube 
wall (at 180o)*
3.25 .33E+06 7.12+4.88b .62E+06 8.38+6.63b .77E+06
-5.8 11.6 From the toe of weld termination on the 
tube wall at the top of backing ring (at 
180o)*
2.19 .59E+06 10.63 .77E+06 Backing ring crack terminated 
fatigue test
Handhole -4.5 9.0 Did not crack
4 Pole Base -3.5 7.0 Run-out at 14.70E+06 cycles
Handhole -2.6 5.3
4
Re-run 1
Pole Base -5.0 10.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
1.75 .65E+06 11.56 2.15E+06
-5.0 10.0 At tube-to-end plate weld toe on the tube 
wall (at 180o)*
2.06 .71E+06 12.00 1.30E+06 19.88 2.15E+06
-4.8 9.6 From the toe of weld termination on the 
tube wall at the top of backing ring (at 
180o)*
1.13 1.59E+06 12.00 2.15E+06 12.75 2.15E+06 Backing ring crack terminated 
fatigue test
Handhole -3.8 7.5 Did not crack
Crack Length at 
Half of Diameter Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
XI 5 Pole Base -3.5 7.0 Run-out at 14.70E+06 cycles
Handhole -2.6 5.3
5
Re-run 1
Pole Base -5.0 10.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
0.63 .68E+06 15.63 2.86E+06
-5.0 10.0 At tube-to-end plate weld toe on the tube 
wall (at 180o)*
1.69+.81b .68E+06 12.00 2.24E+06 15.38 2.86E+06
-4.8 9.6 From the toe of weld termination on the 
tube wall at the top of backing ring (at 
180o)*
2.75 1.79E+06 12.00 2.86E+06 12.75 2.86E+06 Backing ring crack terminated 
fatigue test
Handhole -3.8 7.5 Did not crack
6 Pole Base -3.5 7.0 Run-out at 14.70E+06 cycles
Handhole -2.6 5.3
6
Re-run 1
Pole Base -5.0 10.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
0.19+0.75b .84E+06 12.00 2.24E+06 24.50 2.51E+06
-5.0 10.0 At tube-to-end plate weld toe on the tube 
wall (at 180o)*
0.88 .54E+06 12.00 1.73E+06 20.00 2.51E+06
-4.8 9.6 From the toe of weld termination on the 
tube wall at the top of backing ring (at 
180o)*
1.13 2.12E+06 12.00 2.45E+06 15.50 2.51E+06 Backing ring crack terminated 
fatigue test
-4.8 9.6 From the toe of weld termination on the 
tube wall at the top of backing ring (at 0o)*
1.50 2.29E+06 4.88 2.51E+06
Handhole -3.8 7.5 Did not crack
7 Pole Base -3.5 7.0 Run-out at 14.70E+06 cycles
Handhole -2.6 5.3
7
Re-run 1
Pole Base -5.0 10.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
2.06 .77E+06 9.38 1.80E+06
-5.0 10.0 At tube-to-end plate weld toe on the tube 
wall (at 180o)*
1.13+1.5+1.5b .50E+06 7.63+1.19+3.2b 1.16E+06 21.19 1.80E+06
-4.8 9.6 From the toe of weld termination on the 
tube wall at the top of backing ring (at 
180o)*
1+0.69+0.75b 1.45E+06 12.00 1.75E+06 13.25 1.80E+06 Backing ring crack terminated 
fatigue test
Handhole -3.8 7.5 Did not crack
Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
XI 8 Pole Base -7.0 14.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
0.63 0.10E+06 9.88 0.53E+06
-7.0 14.0 At tube-to-end plate weld toe on the tube 
wall (at 180o)*
0.50 0.10E+06 12.00 0.29E+06 22.38 0.53E+06
-6.8 13.5 From the toe of weld termination on the 
tube wall at the top of backing ring (at 
180o)*
2.75+.75b 0.39E+06 9.88 0.53E+06 Backing ring crack terminated 
fatigue test
-6.8 13.5 From the throat of weld termination on 
tube wall at top of backing ring (at 180o)*
5.63 0.47E+06 9.50 0.53E+06
-6.8 13.5 From the center of the backing ring seam 
weld (at 180o)*
4.75 0.47E+06 7.88 0.53E+06
Handhole -5.3 10.6 Did not crack
9 Pole Base -8.0 16.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
2.5+2.75b .14E+06 12.00 0.37E+06 19.00 .60E+06
-8.0 16.0 At tube-to-end plate weld toe on the tube 
wall (at 180o)*
7.88+.63b .14E+06 12.00 .47E+06 17.06 .60E+06
-7.7 15.4 From the toe of weld termination on the 
tube wall at the top of backing ring (at 0o)*
25.75 .60E+06 25.75 .60E+06 Backing ring crack terminated 
fatigue test
Handhole -6.0 12.0 Did not crack
10 Pole Base -8.0 16.0 At tube-to-end plate weld toe on the tube 
wall (at 0o)*
2.25 0.06E+06 12.00 .19E+06 16.31 .34E+06
-8.0 16.0 At tube-to-end plate weld toe on the tube 
wall (at 180o)*
2.75 .15E+06 6+6 .34E+06 6+6.13 .34E+06
-7.7 15.4 From the toe of weld termination on the 
tube wall at the top of backing ring (at 0o)*
12.88+3.94b .34E+06 12.00 .34E+06a 12.88+3.94b .34E+06 Backing ring crack terminated 
fatigue test
Handhole -6.0 12.0 Did not crack
XII 1 Stiffener -6.0 12.0 At tube-to-stiffener weld toe on the tube 
wall (at 0o)*
0.50 .23E+06 12.00 .72E+06 14.25 .79E+06 Crack terminated fatigue test
-6.0 12.0 At tube-to stiffener weld toe on the tube 
wall (at 180o)*
1.50 .53E+06 8.13 .79E+06
Pole Base -4.3 8.5 At tube-to-end plate fillet weld toe on the 
tube wall (at 0o)*
0.75 .38E+06 4.63 .79E+06
-4.3 8.5
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
XII 2 Stiffener -6.0 12.0 At tube-to-stiffener weld toe on the tube 
wall (at 0o)*
1.00 .40E+06 9.00 .91E+06 Crack terminated fatigue test
-6.0 12.0 At tube-to stiffener weld toe on the tube 
wall (at 180o)*
0.50 .40E+06 12.00 .88E+06 13.38 .91E+06
Pole Base -4.3 8.5
-4.3 8.5
3 Stiffener -6.0 12.0 Crack terminated fatigue test
-6.0 12.0 At tube-to stiffener weld toe on the tube 
wall (at 180o)*
1.00 .58E+06 12.00 1.04E+06 12.88 1.06E+06
Pole Base -4.3 8.5
-4.3 8.5
4 Stiffener -3.5 7.0 Run-out at 14.70E+06 cycles
-3.5 7.0
Pole Base -2.5 5.0
-2.5 5.0
4
Re-run 1
Stiffener -5.0 10.0 At tube-to-stiffener weld toe on the tube 
wall (at 0o)*
0.25 .61E+06 12.00 1.59E+06 40.75 2.31E+06 Crack terminated fatigue test
-5.0 10.0
Pole Base -3.6 7.1
-3.6 7.1
5 Stiffener -3.5 7.0 Run-out at 14.70E+06 cycles
-3.5 7.0 8.23 .16E+02
Pole Base -2.5 5.0
-2.5 5.0
5
Re-run 1
Stiffener -5.0 10.0 At tube-to-stiffener weld toe on the tube 
wall (at 0o)*
1.13 4.69E+06 12.00 6.04E+06 13.38 6.12E+06 Crack terminated fatigue test
-5.0 10.0
Pole Base -3.6 7.1
-3.6 7.1
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter Final
Comments
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Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
6 Stiffener -3.5 7.0 From the root of stiffener to pole fillet top 
weld
0.63 4.06E+06 12.00 5.85E+06 15.13 5.94E+06 Crack terminated fatigue test
-3.5 7.0
Pole Base -2.5 5.0
-2.5 5.0
7 Stiffener -3.5 7.0 Run-out at 14.70E+06 cycles
-3.5 7.0
Pole Base -3.6 5.0
-2.5 5.0
7
Re-run 1
Stiffener -5.0 10.0
-5.0 10.0 At tube-to-stiffener weld toe on the 
stiffener top (at 180o)*
0.75 6.24E+06 12.00 7.98E+06 12.00 7.98E+06 Crack terminated fatigue test
Pole Base -5.1 7.1
-3.6 7.1
8 Stiffener -8.0 16.0 At tube-to-stiffener weld toe on the tube 
wall (at 0o)*
0.94 .15E+06 12.00 .43E+06 15.75 .49E+06 Crack terminated fatigue test
-8.0 16.0 At tube-to-stiffener weld toe on the 
stiffener top (at 180o)*
0.75 .05E+06 14.19 .49E+06
Pole Base -5.7 11.3 At tube-to-end plate fillet weld toe on the 
tube wall left bend (at 0o)*
1.38 .05E+06 7.19 .49E+06
-5.7 11.3 At tube-to-end plate fillet weld toe on the 
tube wall right bend (at 0o)*
2.00 .30E+06 3.56 .49E+06
-5.7 11.3 At tube-to-end plate fillet weld toe on the 
tube wall left bend (at 180o)*
2.56 .09E+06 8.06 .49E+06
-5.7 11.3 At tube-to-end plate fillet weld toe on the 
tube wall right bend (at 180o)*
2.63 .30E+06 2.63 .49E+06
9 Stiffener -8.0 16.0 At tube-to-stiffener weld toe on the tube 
wall (at 0o)*
0.88 .20E+06 12.00 .42E+06 12.63 .43E+06 Crack terminated fatigue test
-8.0 16.0 At tube-to-stiffener weld toe on the 
stiffener top (at 180o)*
1.00 .38E+06
Pole Base -5.7 11.3
-5.7 11.3
Crack Length at 
Half of Diameter Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
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Notes:  
1. 1 ksi = 6.89 MPa 
2. 1 in. = 25.4 mm
Smin
(ksi)
Sr
(ksi)
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
Length 
(in.) # of Cycles
XII 10 Stiffener -8.0 16.0 At tube-to-stiffener weld toe on the tube 
wall (at 0o)*
1.13 .05E+06 16.75 .47E+06
-8.0 16.0 At tube-to-stiffener weld toe on the 
stiffener top (at 180o)*
1.13 .11E+06 12.00 .37E+06 18.50 .47E+06 Crack terminated fatigue test
Pole Base -5.7 11.3 At tube-to-end plate fillet weld toe on the 
tube wall left bend (at 0o)*
1.38 .27E+06 1.75 .47E+06
-5.7 11.3
Final
Comments
Specimen 
Type
Specimen
 ID Detail
Nominal Stress 
Parameters
Description of Crack Location and Origin
First Observation
Crack Length at 
Half of Diameter
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Table 7 Master S-N Curve Parameters (Dong and Hong 2007) 
Statistical Bases C h 
Mean 2890.63 -0.32 
Upper Bound (95% Occurrence) 4151.92 
Lower Bound (95% Occurrence) 2012.51 
Table 8 Factors of S-N Curve for Welded Joints Using Geometric Stress 
Recommended by API (2000) 
Design Curve A = log(k1), S in ksi A = log(k1) , S in MPa m 
Welded Joints 
(WJ) 
9.95 12.48 3 for N < 107 
11.92 16.13 5 for N > 107 
Table 9 Boundaries of Extrapolation Region for CHS (IIW 2000) 
Distance from weld toe 
Chord Brace 
Saddle Crown Saddle Crown 
CHS Lr,min 0.4 t0 
but ≥ 4 mm 
0.4 t1 
but ≥ 4 mm 
Lr,max 5° 4
1 10.4 o or t r t⋅ ⋅ ⋅  1 10.65 ⋅r t  
Table 10 Equations for Fatigue Resistance Curves for CHS Joints (4 mm ≤ t ≤ 
50 mm) (IIW 2000) 
Ranges of Number of Cycles Equation for Fatigue Resistance Curves 
For 103 < N < 5×106 12.476 3log( )
log( )
16
1 0.18log
rhsSN
t
−
=
 −  
 
 
For 5×106 < N < 108 
(variable amplitude only) 
16
log( ) 16.327 5 log( ) 2.01 logrhsN S
t
 = − × + ×  
 
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Table 11 Extrapolation Points for Tubular Welded Connections (ABS 2003) 
Reference Points 
Chord Brace 
Saddle Crown Saddle Crown 
1st Point 0.2 rt  
but ≥ 4 mm 
2nd Point 5° of arc of the chord 
from weld toe 
40.4 rtRT  0.65 rt  
Notes: 
1. R and T are the radius and the thickness of a chord member, respectively 
2. r and t are the radius and the thickness of a brace member, respectively 
Table 12 Parameters for ABS T Curve (ABS 2003) 
S-N Curve 
A 
m For SI Units (S in MPa) For US Customary Units (S in ksi) 
T Curve 1.46×1012 4.46×109 3.0 
Table 13 Details of Models Used for Figures 112 to 116 
 Figure 
112 Figure 113 Figure 114 Figure 115 Figure 116 
Specimen ID Type I 
arm 
Type III 
arm 
Type VII 
arm 
Type XI Type XII 
Welded Detail Fillet-
welded 
Groove-
welded 
Fillet-
welded 
Groove-
welded 
Stiffened 
fillet-welded 
Cross Section Round Round Multisided Multisided Multisided 
Tube Diameter (in.) 10 10 10 24 24 
Tube Thickness (in.) 0.179 3/16 3/16 5/16 5/16 
Transverse Plate 
Thickness (in.) 
2.0 2.0 2.0 2.5 2.0 
Note:  
1. 1 in. = 25.4 mm 
 
  
 335 
 
Table 14 Ranges of Estimated CAFT for each AASHTO Fatigue Category 
Estimated CAFT Ranges (ksi) Category CAFT (ksi) 
24.0 or higher A 24.0 
16.0 ≤ Sr < 24.0 B 16.0 
12.0 ≤ Sr < 16.0 B´ or C´ 12.0 
10.0 ≤ Sr < 12.0 C 10.0 
7.0 ≤ Sr < 10.0 D 7.0 
4.5 ≤ Sr < 7.0 E 4.5 
2.6 ≤ Sr < 4.5 E´ 2.6 
Note: 
1. 1 ksi = 6.89 MPa 
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Table 15 Estimated CAFT According to Formulation 1 and 2 
Specimen ID 
Smin 
(ksi) 
Yield Stress 
(ksi) 
Ultimate 
Stress (ksi) 
Fatigue Notch 
Factor 
CAFT obtained 
from fatigue tests 
(ksi) 
Estimated CAFT,  
Formulation 1 
(ksi) 
Estimated 
CAFT,  
Formulation 2 
(ksi) 
Type I Arm 15.9 50 65 3.800 4.5 4.4 11.1 
Type III Arm 16.2 50 65 2.694 10.0 7.0 15.7 
Type III Pole 9.3 50 65 1.984 10.0 11.6 21.3 
Type IV Arm 16.0 50 65 2.694 10.0 7.0 15.7 
Type IV Pole 8.7 50 65 1.984 10.0 11.8 21.3 
Type V Pole 9.1 50 65 1.984 10.0 11.7 21.3 
Type VI Pole 8.4 50 65 1.984 10.0 11.8 21.3 
Type VII Arm 15.3 50 65 5.066 2.6 2.9 8.3 
Type VII Pole 8.4 50 65 5.340 2.6 3.5 7.9 
Type XI reversal 65 80 4.102 7.0 9.3 12.0 
Type XII reversal 50 65 4.081 7.0 7.8 10.4 
Note: 
1. 1 ksi = 6.89 MPa 
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Table 16 Estimated CAFT for α Factors of 0.3 and 0.4 
Specimen ID 
Ultimate 
Stress 
(ksi) 
CAFT 
Obtained 
from Fatigue 
Tests 
(ksi) 
Factor α 
Calculated 
Based on 
Fatigue Test 
Results 
Estimated 
CAFT, 
α=0.3 (ksi) 
Estimated 
CAFT, 
α=0.4 (ksi) 
Type I Arm 65 4.5 0.32 4.0 7.1 
Type III Arm 65 10.0 0.40 5.6 10.0 
Type III Pole 65 10.0 0.34 7.7 13.6 
Type IV Arm 65 10.0 0.40 5.6 10.0 
Type IV Pole 65 10.0 0.34 7.7 13.6 
Type V Pole 65 10.0 0.34 7.7 13.6 
Type VI Pole 65 10.0 0.34 7.7 13.6 
Type VII Arm 65 2.6 0.28 3.0 5.3 
Type VII Pole 65 2.6 0.29 2.8 5.1 
Type XI 80 7.0 0.38 4.3 7.7 
Type XII 65 7.0 0.41 3.7 6.6 
Note: 
1. 1 ksi = 6.89 MPa 
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Table 17 Ranges of Parametric Study Variables for Fillet-welded Tube-to-
Transverse Plate Connections 
NB tTP (in.) CBC DT (in.) tT (in.) 
4 2.0, 2.5, 3.0 1.25, 1.5, 1.75, 2.1 10, 13, 18 0.179, 0.239, 5/16, 3/8 
6 2.0, 2.5, 3, 3.5 1.25, 1.5, 1.75, 2.1 10, 13, 18 0.179, 0.239, 5/16, 3/8 
8 2.0, 2.5, 3.0, 3.5, 
4.0 
1.25, 1.5, 1.75 13, 18, 24 0.239, 5/16, 3/8, 1/2 
12 2.5, 3.0, 3.5, 4 1.25, 1.5, 1.75 13, 18, 24, 30 5/16, 3/8,  1/2 
16 2.5, 3.0, 3.5, 4.0 1.25, 1.5 18, 24, 30 5/16, 3/8, ½ 
Note: 
1.          1 in. = 25.4 mm 
Table 18 Ranges of Parametric Study Variables for Groove-welded Tube-to-
Transverse Plate Connections 
NB tTP (in.) COP (%) CBC DT (in.) tT (in.) 
4 2.0, 2.5, 3.0 40, 55, 70, 85, 
max. 
1.25, 1.5, 1.75, 
2.1 
10, 13, 18 0.179, 0.239, 
5/16, 3/8 
6 2.0, 2.5, 3.0, 
3.5 
40, 55, 70, 85, 
max. 
1.25, 1.5, 1.75, 
2.1 
10, 13, 18 0.179, 0.239, 
5/16, 3/8 
8 2.0, 2.5, 3.0, 
3.5, 4.0 
40, 55, 70, 85, 
max. 
1.25, 1.5, 1.75 13, 18, 24 0.239, 5/16, 3/8, 
1/2 
12 2.5, 3.0, 3.5, 
4.0 
40, 55, 70, 85, 
max. 
1.25, 1.5, 1.75 13, 18, 24, 30 5/16, 3/8,  1/2 
16 2.5, 3.0, 3.5, 
4.0 
40, 55, 70, 85, 
max. 
1.25, 1.5 18, 24, 30 5/16, 3/8, 1/2 
Notes:  
1. 1 in. = 25.4 mm 
2. max. = max(DOP)/(DT) ; max(DOP) = DT - 2×(backing ring thickness + backing ring weld 
size) 
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Table 19 Ranges of Parametric Study Variables for Multi-sided Sections 
DT (in.) rb (in.) NS tT (in.) 
10 1, 2, 3 8, 12 0.179, 0.239, 5/16 
13 1, 2, 3 8, 12 0.179, 0.239, 5/16 
18 1, 2, 4 8, 12, 16 0.239, 5/16, 3/8 
24 1, 4, 6 12, 16, 20 5/16, 3/8, 1/2 
Note:  
1. 1 in. = 25.4 mm 
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Table 20 Ranges of Parametric Study Variables for Stiffened Tube-to-
Transverse Plate Connections 
NST DT (in.) hST (in.) tT (in.) tST (in.) 
6, 8, 12 24 12, 18, 24, 30 5/16 1/4, 5/16, 3/8, 1/2 
3/8 5/16, 3/8, 1/2, 5/8 
1/2  3/8, 1/2, 5/8, 3/4 
5/8 1/2, 5/8, 3/4, 7/8 
30 18, 24, 30, 36 5/16 1/4, 5/16, 3/8, 1/2 
3/8 5/16, 3/8, 1/2, 5/8 
1/2 3/8, 1/2, 5/8, 3/4 
5/8 1/2, 5/8, 3/4, 7/8 
36 24, 30, 36, 42 5/16 1/4, 5/16, 3/8, 1/2 
3/8 5/16, 3/8, 1/2, 5/8 
1/2 3/8, 1/2, 5/8, 3/4 
5/8 1/2, 5/8, 3/4, 7/8 
Note:  
1. 1 in. = 25.4 mm 
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Table 21 Naming Convention of FEA Models for Parametric Study 
Connection Types Naming Convention Examples 
Unstiffened fillet-welded round 
tube-to-transverse plate 
connection 
tTP-DT-tT-NB-CBC 2_5-10-0_3125-4-1_75 
Unstiffened groove-welded round 
tube-to-transverse plate 
connection 
tTP-DT-tT-NB-CBC-COP 2_5-10-0_3125-4-1_75-R70 
Unstiffened multi-sided tube-to-
transverse plate fillet-welded 
connection 
tTP-DT-tT-NB-CBC-NS-rb 2_5-10-0_3125-4-1_75-8ns-
1_0rb 
Stiffened tube-to-transverse plate 
fillet-welded connection 
tTP-DT-tT-NS-tST-hST-LC 2_0-24-0_3125-8-3125tst-
24hst-LC2 
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Table 22 Two full basic factorials considered for the parametric studies of 
groove-welded tube-to-transverse plate connections with four and eight bolts 
NB tTP (in.) COP (%) CBC DT (in.) tT (in.) 
4 2.0, 2.5, 3.0 40, 55, 70, 85, 
max.* 
1.25, 1.5, 1.75, 
2.1 
10.0, 13.0, 
18.0 
0.179, 0.239, 
5/16, 3/8 
8 2.0, 2.5, 3.0, 
3.5, 4.0 
40, 55, 70, 85, 
max.* 
1.25, 1.5, 1.75 13.0, 18.0, 
24.0 
0.239, 5/16, 3/8, 
1/2 
Notes:  
1. 1 in. = 25.4 mm 
2. max. = max(DOP)/(DT) ; max(DOP) = DT ‒ 2×(backing ring thickness + backing ring weld 
size) 
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Table 23 Statistic Results of Linear Regression for All Cases in Figures 242 
through 245 
Figure Number Variables Slope R2 SEE 
Figure 242 (a) tTP = 2.0 in.  1.258 0.999 0.003 
tTP = 2.5 in. 0.503 0.997 0.003 
tTP = 3.0 in. 0.185 0.978 0.003 
Figure 242 (b) tTP = 2.0 in.  2.351 0.987 0.036 
tTP = 2.5 in. 1.757 0.988 0.027 
tTP = 3.0 in. 1.403 0.986 0.023 
tTP = 3.5 in. 1.189 0.983 0.021 
tTP = 4.0 in. 1.049 0.981 0.020 
Figure 243 (a) CBC = 1.25 0.850 0.959 0.018 
CBC = 1.50 1.317 0.997 0.008 
CBC = 1.75 1.258 0.999 0.003 
CBC = 2.10 1.344 0.988 0.015 
Figure 243 (b) CBC = 1.25 2.351 0.987 0.036 
CBC = 1.50 2.876 0.987 0.046 
CBC = 1.75 3.226 0.986 0.052 
Figure 244 (a) COP = max 1.258 0.999 0.003 
COP = 0.85 0.811 0.988 0.009 
COP = 0.70 0.459 0.920 0.014 
COP = 0.55 0.216 0.635 0.017 
COP = 0.40 0.080 0.155 0.019 
Figure 244 (b) COP = max 2.524 0.972 0.058 
COP = 0.85 2.294 0.982 0.042 
COP = 0.70 1.997 0.986 0.032 
COP = 0.55 1.757 0.988 0.027 
COP = 0.40 1.621 0.988 0.024 
Figure 245 (a) DT = 10 in. 1.258 0.999 0.003 
DT = 13 in. 2.711 0.999 0.007 
DT = 18 in. 5.774 0.999 0.023 
Figure 245 (b) DT = 13 in. 1.640 0.986 0.027 
DT = 18 in. 2.351 0.987 0.036 
DT = 24 in. 3.153 0.992 0.039 
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Table 24 Regression Results of Equation 60 for a Subset of Connections for 
Applicability of Regression Model 
Parameters Coefficients 
R2 SEE DT (in.) tT (in.) a b c 
13 0.2390 0.942 2.507 2.001 1.000 0.001 
0.3125 1.009 3.042 1.967 1.000 0.001 
0.3750 1.056 3.420 1.954 1.000 0.001 
0.5000 1.092 3.728 1.817 1.000 0.002 
18 0.2390 0.981 4.355 2.024 1.000 0.001 
0.3125 1.042 5.258 1.978 1.000 0.001 
0.3750 1.069 5.783 1.920 1.000 0.003 
0.5000 1.091 6.477 1.822 1.000 0.003 
24 0.2390 1.009 5.726 1.915 1.000 0.002 
0.3125 1.055 7.052 1.882 1.000 0.003 
0.3750 1.079 7.991 1.859 1.000 0.004 
0.5000 1.080 9.329 1.790 1.000 0.004 
Notes:  
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in., and 
4.0 in.]; CBC = 1.50; COP = 0.70; and NB = 8 
3. Equation 60: G SC F ,  0cTPa b t c
−≈ + × >  
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Table 25 Regression Results of Equation 60 for a Subset of Connections for 
Assessing Correlation of CBC and the Coefficients of Equation 60 
CBC 
Coefficients 
a b c 
1.25 1.248 4.082 1.767 
1.50 1.255 5.966 1.851 
1.75 1.257 7.343 1.911 
2.10 1.259 8.620 1.960 
Notes:   
1. 1 in. = 25.4 mm 
2. The other geometric parameters for each CBC: tTP = [2.0 in., 2.5 in., 3.0 in., and 3.5 in.]; 
COP = 0.85; NB = 6; DT = 18 in.; and tT = 5/16 in. 
3. Equation 60: G SC F ,  0cTPa b t c
−≈ + × >  
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Table 26 Regression Results of Equation 62 for a Subset of Connections for 
Applicability of Regression Model 
Parameters Coefficients 
R2 SEE DT (in.) tT (in.) a c d e f 
13 0.2390 1.354 -62.763 63.455 0.070 1.964 0.998 0.012 
0.3125 1.319 -115.083 115.996 0.046 1.917 0.997 0.016 
0.3750 1.300 -128.996 130.091 0.046 1.899 0.997 0.018 
0.5000 1.258 -22.631 24.139 0.242 1.796 0.997 0.023 
18 0.2390 1.367 -162.853 164.289 0.048 2.038 0.998 0.017 
0.3125 1.333 -25.805 27.883 0.305 1.988 0.998 0.025 
0.3750 1.311 -219.474 221.740 0.047 1.951 0.998 0.026 
0.5000 1.273 -152.770 155.639 0.075 1.872 0.998 0.033 
24 0.2390 1.416 -42.251 43.766 0.276 2.079 0.998 0.031 
0.3125 1.402 -170.002 171.948 0.094 2.053 0.998 0.037 
0.3750 1.396 -200.462 202.853 0.093 2.039 0.998 0.044 
0.5000 1.361 -442.606 445.922 0.049 1.956 0.998 0.057 
Notes:  
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in., and 
4.0 in.]; CBC = [1.25, 1.50, and 1.75]; COP = 0.85; and NB = 8 
3. Equation 62: ( )GSCF ,   0 and 0f cBC TPa d e C t c f−≈ + + × × > >  
  
 347 
Table 27 Regression Results of Equation 62 for a Subset of Connections for 
Assessing Correlation of NB and Coefficients of the Equation 62 
NB 
Coefficients 
a c d e f 
6 1.347 2.065 -294.841 297.903 0.027 
8 1.338 2.020 -200.827 202.729 0.047 
12 1.360 2.088 -210.001 150.865 0.072 
16 1.361 2.018 -9.512 10.432 0.888 
Notes:   
1. 1 in. = 25.4 mm 
2. The other geometric parameters for each NB: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in., and 4.0 
in.]; CBC = [1.25, 1.50, and 1.75]; COP = 0.85; DT = 18 in.; and tT = 5/16 in. 
3. Equation 62: ( )GSCF ,   0 and 0f cBC TPa d e C t c f−≈ + + × × > >  
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Table 28 Regression Results of Equation 65 for a Subset of Connections for 
Applicability of Regression Model 
Parameters 
R2 SEE DT (in.) tT (in.) 
13 0.2390 0.992 0.021 
0.3125 0.992 0.025 
0.3750 0.992 0.029 
0.5000 0.997 0.018 
18 0.2390 0.994 0.034 
0.3125 0.993 0.039 
0.3750 0.993 0.045 
0.5000 0.997 0.030 
24 0.2390 0.998 0.030 
0.3125 0.997 0.030 
0.3750 0.997 0.037 
0.5000 0.997 0.047 
Notes:  
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in. and 4.0 
in.]; CBC = [1.25, 1.50, and 1.75]; COP = 0.85; and NB = [4, 6, 8, 12, and 16]. 
3. Equation 65: ( )GSCF ,  0,  0,  and 0f g cBC B TPa d e C N t c f g− −≈ + + × × × > > >  
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Table 29 Regression Results of Equation 65 for a Subset of Connections for 
Assessing Correlation of COP and Coefficients of Equation 65 
COP 
Coefficients 
a c d e f g 
0.40 1.059 2.239 -97.330 100.080 0.053 0.005 
0.55 1.062 2.097 -97.249 100.096 0.063 0.005 
0.70 1.321 2.097 -97.678 101.154 0.059 0.006 
0.85 1.324 2.154 -164.493 168.350 0.049 0.004 
0.90 1.366 1.907 -136.013 140.719 0.080 0.007 
Notes:   
1. 1 in. = 25.4 mm 
2. The other geometric parameters for each COP: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in., and 
4.0 in.]; CBC = [1.25, 1.50, and 1.75]; NB = [4, 6, 8, 12, and 16]; DT = 18 in.; and tT = 5/16 
in. 
3. Equation 65: ( )GSCF ,  0,  0,  and 0f g cBC B TPa d e C N t c f g− −≈ + + × × × > > >  
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Table 30 Regression Results of Equation 66 for a Subset of Connections for 
Applicability of Regression Model 
Parameters 
R2 SEE DT (in.) tT (in.) 
13 0.2390 0.991 0.024 
0.3125 0.990 0.030 
0.3750 0.989 0.035 
0.5000 0.995 0.024 
18 0.2390 0.992 0.041 
0.3125 0.990 0.050 
0.3750 0.990 0.059 
0.5000 0.995 0.045 
24 0.2390 0.995 0.047 
0.3125 0.994 0.050 
0.3750 0.994 0.060 
0.5000 0.993 0.078 
Notes:  
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in., and 
4.0 in.]; CBC = [1.25, 1.50, 1.75, and 2.10]; COP = [0.40, 0.55, 0.70, 0.85, and max]; and 
NB = [4, 6, 8, 12, and 16]. 
3.  Equation 66:  
 ( )GSCF , 0,  0,  0,  and 0f g cBC B TPj
OP
h
a d e C N t c f g j
i C
− −
−
 
≈ + + × × × > > > > 
+ 
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Table 31 Regression Results of Equation 66 for a Subset of Connections for 
Assessing Correlation of DT and the Coefficients of Equation 66 
DT 
(in.) 
Coefficients 
a c d e f g h i j 
10 1.270 1.875 -11.80 11.500 0.050 0.010 0.800 -1.170 0.210 
13 1.304 1.843 -10.77 10.805 0.007 0.001 1.103 -0.990 0.035 
18 1.300 1.892 -12.44 12.514 0.012 0.001 1.922 -0.980 0.067 
24 1.349 1.880 -10.70 11.255 0.151 0.015 6.486 -0.547 1.131 
Notes:   
1. 1 in. = 25.4 mm 
2. The other geometric parameters for each DT: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in., and 4.0 
in.]; CBC = [1.25, 1.50, and 1.75]; COP = [0.40, 0.55, 0.70, 0.85, and max]; NB = [4, 6, 8, 
12, and 16]; and tT = 5/16 in. 
3.  Equation 66:  
 ( )GSCF , 0,  0,  0,  and 0f g cBC B TPj
OP
h
a d e C N t c f g j
i C
− −
−
 
≈ + + × × × > > > > 
+ 
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Table 32 Regression Results of Equation 68 for a Subset of Connections for 
Applicability of Regression Model 
tT (in.) R2 SEE 
0.1790 0.995 0.021 
0.2390 0.991 0.040 
0.3125 0.990 0.051 
0.3750 0.990 0.060 
0.5000 0.994 0.059 
Notes:  
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in., and 
4.0 in.]; CBC = [1.25, 1.50, 1.75, and 2.10]; COP = [0.40, 0.55, 0.70, 0.85, and max]; NB = 
[4, 6, 8, 12, and 16]; and DT = [10 in., 13 in., 18 in., and 24 in.]. 
3.  Equation 68: 
 ( ) ( )GSCF , 
0,  0,  0,  0 and 0
f g m c
BC B T TPj
OP
h
a d e C N k l D t
i C
c f g j m
− −
−
 
≈ + + × × + × × 
+ 
> > > > >
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Table 33 Regression Results of Equation 68 for a Subset of Connections for 
Assessing Correlation of tT and Coefficients of the Equation 68 
tT 
Coefficients 
a c d e f g 
0.1790 1.381 2.005 -9.375 10.592 0.004 0.067 
0.2390 1.351 1.932 -9.902 10.103 0.044 0.005 
0.3125 1.328 1.895 -9.874 10.027 0.036 0.004 
0.3750 1.309 1.873 -9.908 10.052 0.032 0.004 
0.5000 1.274 1.789 -9.672 10.170 0.127 0.013 
tT 
Coefficients 
h i j k l m 
0.1790 0.224 -0.958 0.161 1.496 0.618 1.452 
0.2390 0.495 -0.907 0.305 -1.484 0.336 1.037 
0.3125 0.515 -0.880 0.370 -4.541 0.997 0.931 
0.3750                                                                                                                       0.526 -0.902 0.294 -3.833 0.768 1.003 
0.5000 0.626 -0.476 1.124 -6.484 1.310 0.941 
Notes:   
1. 1 in. = 25.4 mm 
2. The other geometric parameters for each tT: tTP = [2.0 in., 2.5 in., 3.0 in., 3.5 in., and 4.0 
in.]; CBC = [1.25, 1.50, and 1.75]; COP = [0.40, 0.55, 0.70, 0.85, and max]; NB = [4, 6, 8, 
12, and 16]; and DT = [10 in., 13 in., 18 in., 24 in., and 30 in.]. 
3. Equation 68: 
 ( ) ( )GSCF , 
0,  0,  0,  0 and 0
f g m c
BC B T TPj
OP
h
a d e C N k l D t
i C
c f g j m
− −
−
 
≈ + + × × + × × 
+ 
> > > > >
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Table 34 Statistical Evaluation on Coefficients of Equation 69 
Coefficients Estimates Standard Errors t-statistics P Values 
a 1.35 2.60E-03 519 <0.0001 
c 1.95 2.00E-04 9750 <0.0001 
d 0.982 3.96E-02 25 <0.0001 
e -1.0 3.96E-02 -25 <0.0001 
f 0.0674 7.51E-04 90 <0.0001 
g 0.0029 3.20E-05 91 <0.0001 
h 1.0 4.50E-03 222 <0.0001 
i 17.3 1.34E-02 1291 <0.0001 
j 2.6 3.96E-02 19 <0.0001 
k -0.446 6.05E-05 -7385 <0.0001 
l 1.12 6.27E-05 17852 <0.0001 
m 1 4.00E-04 2500 <0.0001 
n -0.689 2.09E-05 -32929 <0.0001 
o -0.764 1.00E-04 -7640 <0.0001 
Notes:   
1. Equation 69: 
 ( ) ( ) ( )GSCF ,
 0, 0,  0,  0,  and 0
f g m c
BC B T T TPj
OP
h
a d e C N k l D n o t t
i C
c f g j m
− −
−
 
≈ + + × × × × + × × + × × 
+ 
> > > > >
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Table 35 Summary of Simplifying Equation for Groove-welded Round Tube-
to-transverse Plate Connections 
Ignored Geometric 
Parameters NB CBC tT DT COP tTP 
R2 0.982 0.847 0.882 0.078 0.737 0.666 
SEE 0.074 0.214 0.188 0.523 0.280 0.315 
 
Table 36 Statistical Evaluation on Coefficients of Equation 72 
Coefficients Estimates Standard Errors t-statistics P Values 
a 2.16 6.40E-03 338 <0.0001 
b 0.908 2.03E-02 45 <0.0001 
c -0.924 2.03E-02 -46 <0.0001 
d 0.0474 1.00E-03 46 <0.0001 
e 0.0105 2.00E-04 66 <0.0001 
f 14.6 1.83E-01 80 <0.0001 
g -1.17 8.77E-05 -13374 <0.0001 
h 1.15 7.00E-04 1607 <0.0001 
i 4.54 2.45E-01 18 <0.0001 
j 52.1 6.88E-01 76 <0.0001 
k 2.36 2.00E-04 11060 <0.0001 
Note: 
1.  Equation 72: 
 ( ) ( ) ( )GSCF ,
 where 0, 0,  0,  and 0
d e h k
BC B T T TPa b c C N f g D i j t t
d e h k
− −≈ + + × × × + × × + × ×
> > > >
 
Table 37 Summary of Simplifying Equation for Fillet-welded Round Tube-to-
transverse Plate Connections 
Ignored Geometric Parameters NB CBC tT DT tTP 
R2 0.970 0.795 0.885 0.512 0.486 
SEE 0.108 0.305 0.210 0.433 0.445 
 
  
 356 
Table 38 Comparison of GSCF for Multi-sided and Round Tubular 
Connections Having Similar Cross Sections 
 Multi-sided Tube 
Round Tube 
DT = 13 in. DT = 14.1 in. 
GSCF 2.83 2.34 2.42 
Notes: 
1. 1 in. = 25.4 mm 
2.  Geometric parameters of the multi-sided tubular connection: tTP = 2.0 in.; CBC = 1.54; NB 
= 4; Outer flat-to-flat distance = 13 in.; and tT = 3/16 in. 
3. Geometric parameters of the round tubular connections: tTP = 2.0 in.; CBC = 1.54; NB = 4; 
DT = as shown in the table; tT = 1/4 in. 
Table 39 Regression Results of Equation 79 for a Subset of Connections for 
Applicability of Regression Model 
Parameters Coefficients 
R2 SEE DT (in.) tT (in.) a b c 
18 0.2390 -0.535 2.410 -0.138 1.000 0.000 
0.3125 -4.028 5.787 -0.043 1.000 0.000 
0.3750 0.626 1.822 -0.490 1.000 0.000 
24 0.3125 0.816 3.830 -0.852 1.000 0.000 
0.3750 0.854 4.798 -0.987 1.000 0.000 
0.5000 0.812 3.657 -0.881 1.000 0.000 
Notes: 
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: NS = [8, 12, 16, and 20]; rb = 1.0 in. 
3. Equation 79: 
 
MS
Round
GSCF
,  0
GSCF
c
Sa b N c
−≈ + × >  
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Table 40 Regression Results of Equation 79 for a Subset of Connections for 
Assessing Correlation of rb and Coefficients of the Equation 79 
rb (in.) 
Coefficients 
a b c 
1.0 -4.028 5.787 0.043 
2.0 -3.840 5.579 0.044 
4.0 -2.926 4.542 0.046 
Notes: 
1.  1 in. = 25.4 mm 
2.  Equation 79: 
 
MS
Round
GSCF
,  0
GSCF
c
Sa b N c
−≈ + × >  
 
Table 41 Regression Results of Equation 81 for a Subset of Connections for 
Applicability of Regression Model 
Parameters Coefficients 
R2 SEE DT (in.) tT (in.) a c d e f 
18 0.2390 0.567 -0.369 1.523 -0.008 2.058 0.997 0.005 
0.3125 0.776 -0.614 1.858 -0.056 1.311 0.998 0.005 
0.3750 0.859 -0.809 2.443 -0.170 0.991 0.998 0.005 
24 0.3125 0.949 -1.291 8.396 -0.216 1.533 0.997 0.006 
0.3750 0.937 -1.265 11.555 -0.451 1.426 0.996 0.006 
0.5000 0.977 -1.684 16.916 -0.934 1.248 0.994 0.007 
Notes: 
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: NS = [8, 12, 16, and 20] and rb = [1.0 in., 
2.0 in., 4.0 in., 6.0 in.]  
3. Equation 81: 
 
MS
Round
GSCF
( ) ,  0
GSCF
f c
b Sa d e r N c
−≈ + + × × >  
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Table 42 Regression Results of Equation 82 for a Subset of Connections for Applicability of Regression Model 
DT (in.) 
Coefficients 
R2 SEE a c d e f g h 
10 0.7604 0.278 1.9 -0.0361 1.7174 0.201 -0.0433 0.988 0.010 
13 0.3057 0.1741 2.7027 -6.00E-02 2.0623 0.4517 -0.0609 0.989 0.008 
18 0.7418 0.5539 6.3514 -0.1532 1.3912 0.2894 -0.0544 0.994 0.007 
24 0.9353 1.2344 14.6894 -0.4086 1.4754 0.7028 -0.5731 0.994 0.006 
Notes: 
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: tT = [0.179 in., 0.239 in., and 5/16 in., 3/8 in., and 1/2 in.]; NS = [8, 12, 16, 20]; and rb = [1.0 in., 
2.0 in., 4.0 in., and 6.0 in.] 
3. Equation 82: 
 
MS
Round
GSCF
( ) ( ) ,  0
GSCF
f c
b T Sa d e r g h t N c
−≈ + + × × + × × >  
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Table 43 Statistical Evaluation on Coefficients of Equation 84 
Coefficients Estimates 
Standard 
Errors t Statistics P Values 
a 0.965 0.011 85.43 <0.0001 
c 1.266 0.090 14.13 <0.0001 
d 5.082 1.983 2.56 0.0306 
e -0.281 0.092 -3.04 0.0139 
f 1.198 0.188 6.39 <0.0001 
g 0.130 0.035 3.72 0.0047 
h -0.095 0.020 -4.75 0.0010 
i -1.506 0.294 -5.13 0.0006 
j 0.100 0.019 5.19 0.0006 
k 1.610 0.166 9.69 <0.0001 
Note: 
1. Equation 84: 
 
1.20MS
Round
1.61 1.27
GSCF
0.965 (5.08 0.281 ) (0.13 0.095 )
GSCF
( 1.51 0.1 )
b T
T S
r t
D N −
≈ + − × × − ×
× − + × ×
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Table 44 Estimated GSCF ratio using Equation 84 for maximum rb  
DT (in.) tT (in.) Maximum rb (in.) 
Estimated 
GSCF Ratio 
10 0.1790 4.8210 1.032 
0.2390 4.7610 1.029 
0.3125 4.6875 1.025 
13 0.1790 6.3210 1.060 
0.2390 6.2610 1.056 
0.3125 6.1875 1.052 
18 0.2390 8.7610 1.053 
0.3125 8.6875 1.050 
0.3750 8.6250 1.047 
24 0.3125 11.6875 0.946 
0.3750 11.6250 0.949 
0.5000 11.5000 0.955 
Notes: 
1. 1 in. = 25.4 mm 
2. NS = 8 for DT = [10 in., 13 in., and 18 in.] and NS = 12 for DT = 24 in. 
3. Equation 84: 
 
1.20MS
Round
1.61 1.27
GSCF
0.965 (5.08 0.281 ) (0.13 0.095 )
GSCF
( 1.51 0.1 )
b T
T S
r t
D N −
≈ + − × × − ×
× − + × ×
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Table 45 Summary of Simplifying Equation 84 
Ignored Geometric 
Parameters DT tT rb NS 
R2 0.934 0.994 0.979 0.943 
SEE 0.138 0.047 0.091 0.146 
Note: 
1. Equation 84: 
 
1.20MS
Round
1.61 1.27
GSCF
0.965 (5.08 0.281 ) (0.13 0.095 )
GSCF
( 1.51 0.1 )
b T
T S
r t
D N −
≈ + − × × − ×
× − + × ×
 
 
Table 46 Regression Results of Equation 89 for a Subset of Connections for 
Assessing Correlation of tT and Coefficients of the Equation 89 
tT (in.) 
Coefficients 
a b c 
0.3125 1.8616 0.6848 1.4661 
0.3750 1.7433 0.4023 1.3239 
0.5000 1.6610 0.2050 1.7678 
0.6250 1.6090 0.1110 2.1494 
Notes:   
1. 1 in. = 25.4 mm 
2. The other geometric parameters for each tT : tST = 1/2 in.; NST = [6, 8, 12]; hST = 30 in.; DT 
= [24 in., 30 in., 36 in.] 
3. Equation 89: 
 GSCF , 0T c
ST
D
a b c
N
≈ + >  
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Table 47 Regression Results of Equation 92 for a Subset of Connections for 
Applicability of Regression Model 
Parameter Coefficients R2 SEE 
tST (in.) c d e f h i   
0.3125 1.892 -0.461 1.689 0.238 0.057 2.458 0.990 0.027 
0.3750 2.160 -0.917 2.066 0.265 0.203 1.992 0.996 0.026 
0.5000 1.573 -1.448 2.734 0.174 0.164 1.393 0.998 0.017 
0.6250 1.385 -0.653 2.070 0.168 0.132 1.446 0.998 0.019 
0.7500 1.367 -0.506 1.987 0.135 0.170 1.314 0.999 0.008 
Notes:  
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: NST = [6, 8, and 12]; hST = 30 in.; DT = [24 
in., 30 in., and 36 in.]; and tT = [5/16 in., 3/8 in., 1/2 in., and 5/8 in.] 
3. Equation 92: 
 GSCF , 0, 0,  and 0Tf c i
T ST T
De
d h c f i
t N t
≈ + + > > >
×
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Table 48 Regression Results of Equation 94 for a Subset of Connections for 
Applicability of Regression Model 
Parameter Coefficients 
R2 SEE DT (in.) j k l m 
24 -6.871 0.464 -3.633 0.152 0.995 0.014 
30 -5.931 0.472 -2.996 0.131 0.998 0.010 
36 -4.653 0.610 -2.211 0.266 0.994 0.020 
Notes:  
1. 1 in. = 25.4 mm 
2. The other geometric parameters of the subset: tST = [5/16 in., 3/8 in., 1/2 in., 5/8 in., 3/4 in., 
and 7/8 in.] NST = [6, 8, and 12]; hST = 24 in.; and tT = [5/16 in., 3/8 in., 1/2 in., and 5/8 in.] 
3. Equation 94: 
 
1
GSCF
ST
k
p
ST
m
p
t
j
t
t
l
t
+
≈  
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Table 49 Regression Results of Equation 95 for a Subset of Connections for Assessing Correlation of hST and Coefficients 
of the Equation 95 
hST 
(in.) 
Coefficients 
R2 SEE c d e f h i j k l m 
18 2.089 0.732 0.284 1.109 0.450 1.131 -5.332 0.549 -2.676 0.828 0.990 0.029 
24 1.694 0.547 0.470 0.740 0.169 1.454 -5.093 0.560 -2.526 0.841 0.986 0.038 
30 1.538 0.366 0.547 0.559 0.152 1.043 -5.294 0.542 -2.532 0.712 0.985 0.034 
36 1.587 0.764 0.374 0.991 0.178 1.152 -4.694 0.592 -2.544 0.872 0.990 0.033 
Notes:   
1. 1 in. = 25.4 mm 
2. The other geometric parameters for each hST : tST = [1/4 in., 5/16 in., 3/8 in., 1/2 in., 5/8 in., 3/4 in., and 7/8 in.]; NST = [6, 8, 12]; DT = [24 in., 30 
in., 36 in.]; and tT = [5/16 in., 3/8 in., 1/2 in., and 5/8 in.] 
3. Equation 95: 
 
1
GSCF , 0, 0,  and 0
ST
k
pT
f c i
STT ST T
m
p
t
j
tDe
d h c f i
tt N t
l
t
 
+    ≈ + + × > > >   × 
 
 
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Table 50 Statistical Evaluation on Coefficients of Equation 98 
Coefficients Estimates Standard Errors t-statistics P Values 
c 1.603 0.044 36.19 <0.0001 
d 0.519 0.230 2.25 0.0253 
e 0.870 0.206 4.23 <0.0001 
f 0.797 0.330 2.41 0.0166 
h 0.257 0.114 2.25 0.0257 
i 1.421 0.674 2.11 0.0360 
j -4.359 0.742 -5.87 <0.0001 
k 0.334 0.162 2.07 0.0400 
l -2.259 -1.205 1.87 0.0622 
m 0.707 0.397 1.78 0.0761 
n 0.160 0.009 16.99 <0.0001 
o 0.864 0.509 1.70 0.0907 
p 1.120 0.556 2.02 0.0451 
q 0.029 0.013 2.24 0.0258 
r 2.907 0.135 21.50 <0.0001 
Note: 
1. Equation 98: 
 
0.797 2.91 1.60 1.42
0.334
0.707
0.870 0.0293
GSCF 0.519 0.257
4.36 1.0
0.160 0.864
1.0 1.122.26
T
T ST ST T
ST
STT
ST ST
T
D
t t N t
t
ht
t h
t
 
≈ + + + 
× 
 −   + × × × 
+ ×   
 
 
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Table 51 Regression Results of Equation 101 for a Subset of Connections for 
Applicability of Regression Model 
Parameters Coefficients 
R2 SEE DT (in.) tT  (in.) NST tST  (in.) a b 
24 0.3750 8 0.5000 9.68 5.32 0.995 0.011 
 0.3750 8 0.3125 12.69 6.56 0.998 0.008 
 0.3750 8 0.3750 11.47 5.86 0.998 0.008 
 0.3750 8 0.6250 9.03 5.65 0.995 0.009 
30 0.3750 8 0.5000 10.42 3.69 0.997 0.006 
 0.3750 12 0.5000 7.16 9.64 0.995 0.007 
 0.3125 8 0.5000 10.07 1.89 0.995 0.007 
 0.5000 8 0.5000 11.61 7.34 0.998 0.004 
 0.6250 8 0.5000 13.20 12.33 0.996 0.008 
 0.3125 12 0.5000 6.25 5.44 0.999 0.006 
 0.5000 12 0.5000 8.39 16.15 0.995 0.007 
 0.6250 12 0.5000 9.24 19.90 0.997 0.007 
 0.3750 8 0.3125 13.17 4.50 0.999 0.004 
 0.3750 8 0.3750 12.09 3.91 0.999 0.004 
 0.3750 8 0.6250 9.62 3.57 0.995 0.008 
36 0.3750 8 0.5000 11.25 3.59 0.999 0.003 
 0.3750 8 0.3125 13.82 3.91 1.000 0.002 
 0.3750 8 0.3750 12.83 3.51 0.999 0.002 
 0.3750 8 0.6250 10.69 3.43 0.997 0.005 
Notes: 
1. 1 in.  = 25.4 mm 
2. The other geometric parameters of the subset: hST = [12 in., 18 in., 24 in., 30 in., 36 in. 
and 42 in.] 
3. Equation 101: 
ST-Base
UST-Base
GSCF
GSCF ST
a
h b
≈
+
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FIGURES 
 
    
 
Figure 1 Various tube-to-transverse plate connections: (a) fillet-welded; 
(b) groove-welded with backing ring top weld; and (c) stiffened fillet-welded 
(a) (b) 
(c) 
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Figure 2 Typical stress profile and deformed section at the tension side 
of tubular member 
 
Figure 3 Fatigue test results of fillet-welded connections having equal 
and unequal leg fillet-welds (Fisher et al. 1981) 
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Figure 4  Fatigue test results plotted with respect to geometric stress. 
Reproduced from Stam et al. (2011) 
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Figure 5 Details of specimen Type I (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 6 Details of specimen Type II (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 7 Details of specimen Type III (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 8 Details of specimen Type IVA (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 9 Details of specimen Type IVB (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 10 Details of specimen Type V (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 11 Details of specimen Type VI (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 12 Details of specimen Type VII (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 13 Details of specimen Type X (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 14 Details of specimen Type XI (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 15 Details of specimen Type XII (all dimensions in inch, 1 in. = 25.4 mm) 
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Figure 16 Schematics of test setups at Fritz Laboratory: (a) plan (west 
setup); (b) front elevation; and (c) side elevation 
(a) 
(b) 
(c) 
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Figure 17 Hold-down beam to reduce flexing of foundation plate 
Foundation Plate 
Hold-down Beam 
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Figure 18 Amsler system 
Hydraulic Pump 
Overhead Reaction 
Frame 
Hydraulic Jack 
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Figure 19 Test setup in the ATLSS Center: (a) high level luminaire 
support structure; (b) pole of sign and signal support structure; (c) sign and 
signal support structure (in-plane loading); and (d) sign and signal support 
structure (out-of-plane loading) 
(a) 
(b) 
(c) 
(d) 
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Figure 20 Strain gauge layout in specimen Type I: (a) pole base and 
handhole; (b) ring stiffener bottom; and (c) mast-arm base 
(a) 
(b) 
(c) 
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Figure 21 Strain gauge layout in specimen Type II: (a) pole base and 
handhole; (b) side gusset top; and (c) mast-arm base 
(a) (b) 
(c) 
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Figure 22 Strain gauge layout in specimen Type III: (a) pole base and 
handhole; (b) ring stiffener bottom; (c) mast-arm base; and (d) ring 
stiffener top 
(a) 
(b) 
(c) 
(d) 
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Figure 23 Strain gauge layout in specimen Type IVB: (a) mast-arm base 
(top side); and (b) mast-arm base (bottom side) 
(a) 
(b) 
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Figure 24 Strain gauge layout in specimen Type IVB: (a) left side gusset 
plate; (b) right side gusset plate; (c) pole base and handhole; and (d) pole 
base opposite to handhole side 
(b) (a) 
(c) 
(d) 
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Figure 25 Strain gauge layout in specimen Type V: (a) pole base; and (b) 
mast-arm base 
(a) 
(b) 
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Figure 26 Strain gauge layout in specimen Type VI: (a) pole backside; 
and (b) sleeve-to-pole welded connection 
(a) 
(b) 
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Figure 27 Strain gauge layout in specimen Type VI: (a) mast-arm 
topside; and (b) pole base 
(a) 
(b) 
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Figure 28 Strain gauge layout in specimen Type VII: (a) pole base; (b) 
side gusset top; and (c) mast-arm base 
(a) 
(b) 
(c) 
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Figure 29 Strain measurements by 3D image correlation / 
photogrammetry (3D ICP) technique 
 
Figure 30 Comparing crack growth and variation of stress range at 
control gauge 
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Figure 31 Comparing crack growth history and variation of 
displacement range at loading point (1 in. = 25.4 mm) 
 
Figure 32 Comparison of FEA result, strain gauge measurement, and 
nominal stress at control gauge of specimen Type I 
 396 
 
 
 
Figure 33 Stress profile along symmetry plane of mast-arm tube-to-
transverse plate connection in specimen Type I 
 
Figure 34 Comparing idealized and actual weld profile: (a) idealized weld 
profile of FEA model; and (b) actual weld profile captured by 3D ICP 
(a) (b) 
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Figure 35 Comparing influences of weld geometry 
 
Figure 36 Stress profile along longitudinal direction 45° off from the 
symmetry plane of mast-arm tube-to-transverse plate connection in 
specimen Type I 
 398 
 
 
 
Figure 37 Stress profile near pole-to-transverse plate connection in 
specimen Type I 
 
Figure 38 Stress profile along symmetry plane of mast-arm tube-to-
transverse plate connection in specimen Type II 
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Figure 39 Stress profile near pole-to-transverse plate connection in 
specimen Type II 
 
Figure 40 Stress profile along symmetry plane of mast-arm tube-to-
transverse plate connection in specimen Type III 
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Figure 41 Stress profile near pole-to-transverse plate connection in 
specimen Type III 
 
Figure 42 Stress profile near bottom face of mast-arm tube-to-transverse 
plate connection in specimen Type IVB under Load Case 1 
 401 
 
 
 
Figure 43 Stress profile near bottom face of mast-arm tube-to-transverse 
plate connection in specimen Type IVB under Load Case 2 
 
Figure 44 Stress profile near top face of mast-arm tube-to-transverse 
plate connection in specimen Type IVB under Load Case 1 
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Figure 45 Stress profile near bottom face of mast-arm tube-to-transverse 
plate connection in specimen Type IVB under Load Case 2 
 
Figure 46 Stress profile near front face of pole-to-base plate connection 
in specimen Type IVB under Load Case 1 
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Figure 47 Stress profile near front face of pole-to-base plate connection 
in specimen Type IVB under Load Case 2 
 
Figure 48 Stress profile near handhole side face of pole-to-base plate 
connection in specimen Type IVB under Load Case 1 
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Figure 49 Stress profile near handhole side face of pole-to-base plate 
connection in specimen Type IVB under Load Case 2 
 
Figure 50 Stress profile near pole-to-transverse plate connection in 
specimen Type V 
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Figure 51 Stress profile along longitudinal direction of the pole in 
specimen Type VI 
 
Figure 52 Stress profile near pole-to-transverse plate connection in 
specimen Type VI 
 406 
 
 
 
Figure 53 Stress profile near corner of mast-arm-to-transverse plate 
connection in specimen Type VII 
 
Figure 54 Stress profile near middle of flat of mast-arm-to-transverse 
plate connection in specimen Type VII 
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Figure 55 Stress profile near corner of pole-to-base plate connection in 
specimen Type VII 
 
Figure 56 Stress profile near middle of flat of pole-to-base plate 
connection in specimen Type VII 
 408 
 
 
 
Figure 57 Typical fatigue crack from the fillet weld termination on the 
tube wall in mast-arm and pole-to-transverse plate fillet-welded connections 
in Specimen Type I  
 
Figure 58 Fatigue cracking in mast-arm from the toe of pole-to-
transverse plate groove-weld 
 409 
 
 
 
 
 
Figure 59 Fatigue cracking in mast-arm from the toe of backing ring-to-
tube weld: (a) view from outside; and (b) view from inside 
(a) 
(b) 
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Figure 60 Fatigue cracking in mast-arm of specimen III-5 from tack weld 
between the backing ring and the tube 
 
Figure 61 Fatigue cracking in mast-arm of specimen III-6 from tack weld 
between the backing ring and the tube wall 
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Figure 62 Exposed fatigue fracture surface in the mast-arm of specimen 
III-6 showing crack origin at the lack of fusion (LOF) between the tack 
weld and the tube (refer Figure 61 for view direction) 
 412 
 
 
 
Figure 63 Fatigue cracking from gusset-to-pole fillet-weld in specimen 
IVB-1 
 413 
 
 
 
Figure 64 Fatigue cracking from bend corner in the arm of specimen 
VII-7 
 
Figure 65 Fatigue cracking in mast-arm of specimen VII-5, from the 
fillet-weld toe on the tube in tube-to-transverse plate connection 
 414 
 
 
 
 
Figure 66 Fatigue test results of specimen Type I mast-arms and poles 
 
Figure 67 Weld profiles of specimen Type I mast-arm fillet-welds: (a) 
specimen Type I-1; (b) specimen Type I-2; and (c) specimen Type I-3 
(a) (b) (c) 
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Figure 68 Fatigue test results of specimen Type II mast-arms and poles 
 
Figure 69 Fatigue test results of specimen Type III mast-arms and poles 
 416 
 
 
 
Figure 70 Weld profiles at the sections of crack initiation in the mast-
arms of specimens III-8 and III-9 
 
Figure 71 Fatigue crack in the mast-arm of specimen III-9; the broken 
line indicates the location of the section in Figure 70 
 417 
 
 
 
Figure 72 Fatigue test results for specimen Type IVA 
 
Figure 73 Fatigue test results for specimen Type IVB 
 418 
 
 
 
Figure 74 Comparison of fatigue test results for specimens Type IVA and 
IVB 
 
Figure 75 Fatigue test results for specimen Type V pole base 
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Figure 76 Fatigue test results for specimen Type VI pole base 
 
Figure 77 Fatigue test results for specimen Type VII 
 420 
 
 
 
Figure 78 Comparing crack growth of specimen I-6 mast-arm and 
specimen VII-6 mast-arm 
 
Figure 79 Fatigue resistance of fillet-welded tube-to-transverse plate 
connections — finite life 
 421 
 
 
 
Figure 80 Fatigue resistance of fillet-welded tube-to-transverse plate 
connections — infinite life 
 
Figure 81 Comparison of fatigue resistance in round and multi-sided 
sections 
 422 
 
 
 
Figure 82 Comparison of geometric stress distribution in round and 
multi-sided sections — around perimeter 
 423 
 
 
 
Figure 83 Comparison of normal stress distribution and geometric stress 
in round and multi-sided sections — longitudinal direction 
 
Figure 84 Variation in notch stress in multi-sided sections 
 424 
 
 
 
Figure 85 Fatigue resistance of groove-welded tube-to-transverse plate 
connections — finite life 
 
Figure 86 Fatigue resistance of groove-welded tube-to-transverse plate 
connections — infinite life 
 425 
 
 
 
Figure 87 Influence of opening in transverse plate on fatigue resistance of 
groove-welded tube-to-transverse plate connections 
 
Figure 88 Comparison of fillet- and groove-welded tube-to-transverse 
plate connections with similar GSCF 
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Figure 89 Fatigue test results of groove-welded tube-to-transverse plate 
welded connection with the backing ring welded to the tube 
 
Figure 90 Lack of fusion at the backing ring-to-tube weld 
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Figure 91 Polished and etched section shown lack of fusion at the backing 
ring-to-tube weld (same specimen as Figure 90) 
 
Figure 92 Fatigue resistance of stiffener termination in stiffened fillet-
welded tube-to-transverse plate connections 
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Figure 93 Extrapolation points defined by Irvine (1981) 
        
(a)                                                                       (b) 
Figure 94 Structural stresses definition for thru-thickness fatigue crack: 
(a) local thru-thickness normal and shear stress at weld toe; and (b) 
structural stress definition at weld toe 
t τ(y) σ(y) t τm
σm σb
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Figure 95 Structural stresses calculation procedure for through-thickness 
fatigue crack. Reproduced from Dong (2001) 
 
Figure 96 Comparison of Dong's master S-N curve with AASHTO 
Category E curve 
A
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Figure 97 Definition of extrapolation region 
 
Figure 98 A long circular tube under uniformly distributed bending 
moment along the edge 
Chord 
wall
Brace wall
t0
t1
Lr,min
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Figure 99 Typical displacement profile due to local bending at the edge of 
the cylindrical shell 
 
Figure 100 Fitting estimated stress using Equation 24 to actual stress 
variation ahead of the weld toe 
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Figure 101 Typical specimen FEA model 
 433 
 
 
 
Figure 102 Typical parametric study FEA model 
 434 
 
 
 
Figure 103 Level one sub-model of unstiffened tube-to-transverse plate 
connections 
 435 
 
 
 
Figure 104 Level one sub-model of stiffened tube-to-transverse plate 
connections 
 436 
 
 
 
Figure 105 Level two sub-model of unstiffened tube-to-transverse plate 
connections 
 437 
 
 
 
Figure 106 Level two sub-model of stiffened tube-to-transverse plate 
connections 
 438 
 
 
 
Figure 107 Level three sub-model of unstiffened tube-to-transverse plate 
connections 
 439 
 
 
 
Figure 108 Level three sub-model of stiffened tube-to-transverse plate 
connections 
 440 
 
 
 
Figure 109 Typical mesh density of level one sub-model 
 
Figure 110 Typical mesh density of level three sub-model 
 441 
 
 
 
Figure 111 Results of mesh convergence test 
 
Figure 112 Geometric stress determination for thin round tube-to-
transverse plate fillet-welded connection (specimen Type I arm) 
 442 
 
 
 
Figure 113 Geometric stress determination for thin round tube-to-
transverse plate groove welded connection (specimen Type III arm) 
 
Figure 114 Geometric stress determination for thin multisided tube-to-
transverse plate fillet-welded connection (specimen Type VII arm) 
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Figure 115 Geometric stress determination for thick multisided tube-to-
transverse plate groove welded connection (specimen Type XI) 
 
Figure 116 Geometric stress determination for stiffened thick multi-sided 
tube-to-transverse plate fillet-welded connection (specimen Type XII) 
 444 
 
 
 
Figure 117 Comparing various design curves for geometric stress 
approach 
 
Figure 118 Fatigue test results plotted with ABS geometric stress and its 
design curve 
 445 
 
 
 
Figure 119 Fatigue test results plotted with DNV geometric stress and its 
design curve 
 
Figure 120 Fatigue test results plotted with IIW geometric stress and its 
design curve 
 446 
 
 
 
Figure 121 Effect of weld condition in geometric stresses 
 
Figure 122 Fatigue test results plotted with measured geometric stress 
ranges 
 447 
 
 
 
Figure 123 Stress distribution through thickness of tube 
 
Figure 124 Nodal stress calculation at the weld toe for structural stress 
computation 
 448 
 
 
 
Figure 125 Fatigue test results plotted with equivalent structural stress 
 
Figure 126 Fatigue test data plotted with structural stress 
 449 
 
 
 
Figure 127 Fatigue test data plotted with 1 mm stress 
 
Figure 128 Infinite life fatigue test results plotted with FEA geometric 
stress ranges 
 450 
 
 
 
Figure 129 Infinite life fatigue test results plotted with strain gauge 
measured geometric stress ranges 
 
Figure 130 Super-elastic material 
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Figure 131 Perfectly elastic-plastic material 
 
Figure 132 Typical double-nut anchor bolt connection 
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Figure 133 Deflected section of fillet-welded tube-to-transverse plate 
connection (100×) 
 453 
 
 
 
Figure 134 Comparison of maximum principal stress profile of various up-
stand lengths 
 
Figure 135 Identified geometric parameters for unstiffened round tube-to-
transverse plate fillet-welded connections  
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Figure 136 Identified geometric parameters for unstiffened round tube-to-
transverse plate groove-welded connections 
 
Figure 137 Plan view of typical high level luminaire support structure 
with opening hole and slot in the transverse plate 
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Figure 138 Comparison of maximum principal stress profiles of the 
loadings having direction parallel or normal to the slot 
 
Figure 139 Various quality of backing ring top weld of 10 in. (254 mm) 
and 13 in. (330 mm) diameter tube 
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Figure 140 Quality of backing ring top weld of 24 in. (610 mm) diameter 
tube 
 
Figure 141 Comparing geometric stresses at the groove-weld and backing 
ring top weld for smaller tube diameter  
 457 
 
 
 
Figure 142 Comparing geometric stresses at the groove-weld and backing 
ring top weld for larger tube diameter 
 
Figure 143 Identified geometric parameters for stiffened tube-to-
transverse plate welded connections 
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Figure 144 Effect of stiffener and tube thickness ratio 
 
Figure 145 Effect of stiffener angle 
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Figure 146 Effect of stiffener height 
 
Figure 147 Effect of transverse plate thickness 
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Figure 148 Identified geometric parameters for unstiffened multi-sided 
tube-to-transverse plate welded connections 
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Figure 149 Factors consisting roundness 
 462 
 
 
 
Figure 150 Distribution of tube diameters in standard drawings 
 
Figure 151 Distribution of tube thicknesses in standard drawings 
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Figure 152 Sign structure in Arizona using thick steel pipes 
 
Figure 153 Distribution of transverse plate thicknesses in standard 
drawings 
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Figure 154 Distribution of bolt circle ratios in standard drawings 
 
Figure 155 Distribution of number of bolts in standard drawings 
 465 
 
 
 
Figure 156 Distribution of tube diameters and thicknesses of mast-arms 
for 4 bolts with the transverse plate thickness between 11/4 in. (32 mm) and 
13/4 in. (44 mm) 
 466 
 
 
 
Figure 157 Distribution of tube diameters and thicknesses of mast-arms 
for 4 bolts with the transverse plate thickness between 13/4 in. (44 mm) and 
21/4 in. (57 mm) 
 467 
 
 
 
Figure 158 Distribution of tube diameters and thicknesses of mast-arms 
for 4 bolts with the transverse plate thickness between 21/4 in. (57 mm) and 
23/4 in. (70 mm) 
 468 
 
 
 
Figure 159 Distribution of tube diameters and thicknesses of mast-arms 
for 6 bolts with the transverse plate thickness between 13/4 in. (44 mm) and 
21/4 in. (57 mm) 
 469 
 
 
 
Figure 160 Distribution of tube diameters and thicknesses of mast-arms 
for 6 bolts with the transverse plate thickness between 3.0 in. (76 mm) and 
31/2 in. (89 mm) 
 470 
 
 
 
Figure 161 Distribution of tube diameters and thicknesses of mast-arms 
for 8 bolts with the transverse plate thickness between 11/4 in. (32 mm) and 
13/4 in. (44 mm) 
 471 
 
 
 
Figure 162 Distribution of tube diameters and thicknesses of mast-arms 
for 10 bolts with the transverse plate thickness between 13/4 in. (44 mm) and 
21/4 in. (57 mm) 
 472 
 
 
 
Figure 163 Distribution of tube diameters and thicknesses of mast-arms 
for 12 bolts with the transverse plate thickness between 11/4 in. (32 mm) and 
13/4 in. (44 mm) 
 473 
 
 
 
Figure 164 Distribution of tube diameters and thicknesses of mast-arms 
for 12 bolts with the transverse plate thickness between 13/4 in. (44 mm) and 
21/4 in. (57 mm) 
 474 
 
 
 
Figure 165 Distribution of tube diameters and thicknesses of poles for 4 
bolts with the transverse plate thickness between 11/4 in. (32 mm) and 13/4 
in. (44 mm) 
 475 
 
 
 
Figure 166 Distribution of tube diameters and thicknesses of poles for 4 
bolts with the transverse plate thickness between 13/4 in. (44 mm) and 21/4 
in. (57 mm) 
 476 
 
 
 
Figure 167 Distribution of tube diameters and thicknesses of poles for 4 
bolts with the transverse plate thickness between 21/4 in. (57 mm) and 23/4 
in. (70 mm) 
 477 
 
 
 
Figure 168 Distribution of tube diameters and thicknesses of poles for 4 
bolts with the transverse plate thickness 3.0 in. (76 mm) and 31/2 in. (89 
mm) 
 478 
 
 
 
Figure 169 Distribution of tube diameters and thicknesses of poles for 6 
bolts with the transverse plate thickness between 11/4 in. (32 mm) and 13/4 
in. (44 mm) 
 479 
 
 
 
Figure 170 Distribution of tube diameters and thicknesses of poles for 6 
bolts with the transverse plate thickness between 13/4 in. (44 mm) and 21/4 
in. (57 mm) 
 480 
 
 
 
Figure 171 Distribution of tube diameters and thicknesses of poles for 6 
bolts with the transverse plate thickness between 21/4 in. (57 mm) and 23/4 
in. (70 mm) 
 481 
 
 
 
Figure 172 Distribution of tube diameters and thicknesses of poles for 6 
bolts with the transverse plate thickness between 3.0 in. (76 mm) and 31/2 in. 
(89 mm) 
 482 
 
 
 
Figure 173 Distribution of tube diameters and thicknesses of poles for 10 
bolts with the transverse plate thickness between 11/4 in. (32 mm) and 13/4 
in. (44 mm) 
 483 
 
 
 
Figure 174 Distribution of tube diameters and thicknesses of poles for 10 
bolts with the transverse plate thickness between 3.0 in. (76 mm) and 31/2 in. 
(89 mm) 
 484 
 
 
 
Figure 175 Distribution of tube diameters and thicknesses of poles for 12 
bolts with the transverse plate thickness between 21/4 in. (57 mm) and 23/4 
in. (70 mm) 
 485 
 
 
 
Figure 176 Distribution of tube diameters and thicknesses of poles for 12 
bolts with the transverse plate thickness between 3.0 in. (76 mm) and 31/2 in. 
(89 mm) 
 486 
 
 
 
Figure 177 Matrix of feasible combinations for unstiffened fillet and 
groove welded connections 
DT (in)
tT (in)
COP = (DOP) / (DT) : max., 85%, 70%, 55%, 40%
max. = max(DOP)/(DT) ;  max(DOP) = DT - 2x(backing ring thickness+backing ring weld size)
0.239
0.3125
0.375
0.5
3024181310
0.179
4, 6 Bolts
12 Bolts
8 Bolts
16 Bolts
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Figure 178 Matrix of feasible combinations for unstiffened fillet and 
groove welded connections 
.      CBC
tTP (in) 1.25 1.50 1.75 2.10
2.0
2.5
3.0
3.5
4.0
COP = (DOP) / (DT) : max., 85%, 70%, 55%, 40%
max. = max(DOP)/(DT) ;  max(DOP) = DT - 2x(backing ring thickness+backing ring weld size)
6 Bolts
4 Bolts
8 Bolts
12 Bolts
16 Bolts
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Figure 179 Effect of bend radius against geometric stress 
 
Figure 180 Effect of bend radius against notch stress 
 489 
 
 
 
Figure 181 Partial factorial for stiffened fillet-welded connections in terms 
of tube thickness and stiffener thickness 
 
Figure 182 Partial factorial for stiffened fillet-welded connections in terms 
of tube diameter and stiffener height 
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Figure 183 Global models of analyzed structures: (a) unstiffened tube-to-
transverse plate connection with square transverse plate; and (b) 
unstiffened tube-to-transverse plate connection with round transverse plate 
(a) (b) 
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Figure 184 Global models of analyzed structures: (a) multi-sided tube-to-
transverse plate connection; and (b) stiffened tube-to-transverse plate 
connection 
(a) (b) 
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Figure 185 Two parameters representing bolt arrangement 
 
Figure 186 Effect of bolt arrangement for NB = 4 
 493 
 
 
  
 
Figure 187 Comparing FEA result of models having four bolt and six bolt 
arrangements in square transverse plate: (a) three bolts on both sides; (b) 
three bolts on top and bottom; and (c) typical four bolt arrangement 
(b) (a) 
(c) 
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Figure 188 Size of transverse plate: (a) square plate; (b) annular plate; 
and (c) annular plate for stiffened connection 
(a) 
(b) 
(c) 
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Figure 189 Shape of bolt, contact surfaces, and location of fixed support 
 496 
 
 
 
Figure 190 Stress distributions along perimeter of tube for two different 
loading directions for the connection having very flexible transverse plate 
(red dots presenting maximum stress locations) 
 497 
 
 
 
Figure 191 Stress distributions along perimeter of tube for two different 
loading directions for the connection having very stiff plate 
 
Figure 192 Comparing maximum stress locations of two different tTP: (a) 
tTP = 2.0 in. (51 mm); and (b) tTP = 3.0 in. (76 mm) 
(a) (b) 
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Figure 193 Changing maximum stress location for connections with NB = 4 
 499 
 
 
 
 
 
Figure 194 Deformed shape of a transverse plate under tube bending: (a) 
loading in plane of bolts (b) loading in-between bolts (tube is not shown for 
clarity; vertical displacement exaggerated 1000 ×) 
(a) 
(b) 
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Figure 195 Comparing deformed shape of the tube-to-transverse plate 
connection having six bolts, on sections in between and through the bolts 
(bolts not shown for clarity) 
 501 
 
 
 
 
 
Figure 196 Comparing normal stress distributions in longitudinal 
direction of two different loading directions for: (a) NB = 6; and (b) NB = 16 
(a) 
(b) 
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Figure 197 Comparing normal stress distributions in longitudinal 
direction of two different loading directions for: (a) CBC = 1.25; and (b) CBC 
= 2.10 
(b) 
(a) 
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Figure 198 Loading directions (arrows in the figure) considered for 
parametric study of unstiffened tube-to-transverse plate connections: (a) 
four bolts with square transverse plate models; and (b) six or more bolts 
with annular transverse plate models 
 
Figure 199 Loading directions considered for parametric study of 
stiffened tube-to-transverse plate fillet-welded connections: (a) Load Case 
1; and (b) Load Case 2 
(a) (b) 
(a) (b) 
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Figure 200 Paths of stress profiles collected from FEA model 
 
Figure 201 Mesh verification in ABAQUS 
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Figure 202 Illustrated example of Steepest Descent Method 
 
Figure 203 Standard residual distribution of a good regression model 
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Figure 204 Standard residual distribution of an inappropriate regression 
model  
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Figure 205 Q-Q plot of a good regression model 
 508 
 
 
 
Figure 206 Q-Q plot of of an inappropriate regression model 
 509 
 
 
 
 
 
Figure 207 Comparing effect of tTP: (a) maximum principal stress 
distribution on deformed section; and (b) maximum principal stress profile 
on outer surface of tube 
(b) 
(a) 
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Figure 208 Influence of tTP on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various CBC within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 209 Influence of tTP on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various COP within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
 512 
 
 
 
 
 
Figure 210 Influence of tTP on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various DT within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 211 Influence of tTP on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various tT within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 212 Comparing effect of CBC: (a) maximum principal stress 
distribution on deformed section; and (b) maximum principal stress profile 
on outer surface of tube 
(a) 
(b) 
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Figure 213 Influence of CBC on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various tTP within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 214 Influence of CBC on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various COP within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 215 Influence of CBC on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various DT within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 216 Influence of CBC on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various tT within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 217 Comparing effect of COP: (a) maximum principal stress 
distribution on deformed section; and (b) maximum principal stress profile 
on outer surface of tube 
(a) 
(b) 
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Figure 218 Influence of COP on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various tTP within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 219 Influence of COP on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various CBC within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 220 Influence of COP on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various DT within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
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Figure 221 Influence of COP on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various tT within: (a) four bolt 
factorials; and (b) eight bolt factorials 
  
(a) 
(b) 
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Figure 222 Comparing effect of NB: (a) maximum principal stress 
distribution on deformed section; and (b) maximum principal stress profile 
on outer surface of tube 
(a) 
(b) 
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Figure 223 Definition of transverse plate rotation 
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Figure 224 Comparing transverse plate rotation for various NB and CBC  
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Figure 225 Influence of NB on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various tTP 
 
Figure 226 Influence of NB on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various CBC 
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Figure 227 Influence of NB on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various CBC with: (a) very flexible; 
and (b) very stiff transverse plates 
(a) 
(b) 
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Figure 228 Influence of CBC on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various NB with: (a) very flexible; 
and (b) very stiff transverse plates 
(b) 
(a) 
 530 
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Figure 232 Comparing effect of DT: (a) maximum principal stress 
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Figure 236 Influence of DT on GSCF of unstiffened round groove-welded 
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factorials; and (b) eight bolt factorials 
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Figure 237 Influence of DT on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various CBC within: (a) four bolt 
factorials; and (b) eight bolt factorials 
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Figure 238 Influence of DT on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various COP within: (a) four bolt 
factorials; and (b) eight bolt factorials 
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Figure 239 Influence of DT on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various tT within: (a) four bolt 
factorials; and (b) eight bolt factorials 
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Figure 240 Comparing effect of tT: (a) maximum principal stress 
distribution on deformed section; and (b) maximum principal stress profile 
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Figure 241 Maximum principal stress profiles with respect to normalized 
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Figure 243 Influence of tT on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various CBC within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
 543 
 
 
 
 
 
Figure 244 Influence of tT on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various COP within: (a) four bolt 
factorials; and (b) eight bolt factorials 
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Figure 245 Influence of tT on GSCF of unstiffened round groove-welded 
tube-to-transverse plate connections for various DT within: (a) four bolt 
factorials; and (b) eight bolt factorials 
(a) 
(b) 
 545 
 
 
 
Figure 246 Influence of tT on GSCF of unstiffened round groove-welded 
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Figure 247 Comparison of influence of plate stiffness and tube diameter 
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Figure 248 Negative slope shown from the variation of GSCF with 
increasing tT for smaller DT with stiff plate 
 548 
 
 
 
Figure 249 Comparing FEA and regression results of Equation 60 
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Figure 253 Comparing FEA and regression results of Equation 62 
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Figure 259 Regression results of Equation 64 
 
Figure 260 Regression results of Equation 65 
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Figure 262 Relationship between coefficient c in Equation 65 and COP 
 555 
 
 
 
Figure 263 Relationship between coefficient d in Equation 65 and COP 
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Figure 265 Relationship between coefficient f in Equation 65 and COP 
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Figure 267 Regression results of Equation 66 
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Figure 271 Relationship between coefficient e in Equation 66 and DT 
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Figure 277 Regression results of Equation 68 
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Figure 289 Relationship between coefficient m in Equation 68 and tT 
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Figure 297 Effect of neglecting tT from Equation 70 
 
Figure 298 Effect of neglecting COP from Equation 70 
 573 
 
 
 
Figure 299 Effect of neglecting tTP from Equation 70 
 
Figure 300 Regression results of Equation 71 
 574 
 
 
 
Figure 301 Standard residual distribution of Equation 71 
 
Figure 302 Q-Q plot for Equation 71  
 575 
 
 
 
 
 
Figure 303 Influence of tTP on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various CBC: (a) four bolts; and (b) 
eight bolts 
(a) 
(b) 
 576 
 
 
 
 
 
Figure 304 Influence of tTP on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various DT: (a) four bolts; and (b) 
eight bolts 
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Figure 305 Influence of tTP on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various tT: (a) four bolts; and (b) 
eight bolts 
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Figure 306 Influence of CBC on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various tTP: (a) four bolts; and (b) 
eight bolts 
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Figure 307 Influence of CBC on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various DT: (a) four bolts; and (b) 
eight bolts 
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Figure 308 Influence of CBC on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various tT: (a) four bolts; and (b) 
eight bolts 
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Figure 309 Influence of NB on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various tTP and CBC: (a) tTP; and (b) 
CBC 
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Figure 310 Influence of NB on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various DT and tT: (a) DT; and (b) tT 
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Figure 311 Influence of DT on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various tTP: (a) four bolts; and (b) 
eight bolts 
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Figure 312 Influence of DT on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various CBC: (a) four bolts; and (b) 
eight bolts 
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Figure 313 Influence of DT on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various tT: (a) four bolts; and (b) 
eight bolts 
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Figure 314 Influence of tT on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various tTP: (a) four bolts; and (b) 
eight bolts 
(a) 
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Figure 315 Influence of tT on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various CBC: (a) four bolts; and (b) 
eight bolts 
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Figure 316 Influence of tT on GSCF of unstiffened fillet-welded round 
tube-to-transverse plate connection for various DT: (a) four bolts; and (b) 
eight bolts 
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Figure 499 Influence of DT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various tTP  
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Figure 500 Influence of DT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various CBC  
 
Figure 501 Influence of DT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various COP  
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Figure 502 Influence of DT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various NB  
 
Figure 503 Influence of DT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various tT  
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Figure 504 Influence of tT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various tTP  
 
Figure 505 Influence of tT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various CBC  
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Figure 506 Influence of tT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various COP   
 
Figure 507 Influence of tT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various NB  
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Figure 508 Influence of tT on MoNSCF of unstiffened groove-welded 
round tube-to-transverse plate connection for various DT  
 
Figure 509 Correlation between MoNSCF and GSCF 
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Figure 510 Normalizing MoNSCF with respect to a factor of tT  
 
Figure 511 Linear variation of the maximum MoNSCF values for each tT  
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APPENDIX A FEA RESULTS OF FATIGUE TESTED SPECIMENS 
In this appendix, FEA results of each specimens are presented. All specimens 
were modeled in 3D using solid elements. All specimen models were developed having 
exact same configuration provided by the specimen drawings. Details of FEA modeling 
are presented in Section 3.4. Only the FEA results of each specimen model will be 
discussed in this appendix. There are multiple fatigue critical welded joints existed in the 
specimen, such as tube-to-trasnverse plate welded connection in mast-arm and pole base, 
gussetted box welded connections, ring-stiffened welded connections, and handhole frame-
to-tube welded connections. However, only the results of tube-to-transverse plate welded 
connections are discussed in the appendix because other connection details are out of the 
scope this study.  
A.1 Specimen Type I 
Prior to the testing, FEA was performed for the specimen. Global model of the 
structure and the contour plots of surface maximum principal stress on deformed 
configuration of specimen Type I are presented in Figures A-1 through A-3, which depict 
the structural behavior and response of the specimen under loading at the arm tip in the 
plane of symmetry. In the tube-to-transverse plate fillet-welded connections both in the 
pole and the mast-arm, the maximum principal stress occurred at the weld termination on 
the tube wall on the plane of symmetry. The out of plane deformation of the tube generating 
secondary stresses in the tube wall was evident in Figures A-2 and A-3. The FEA results 
provided the basis for selecting the location of strain gauges for the static tests and for 
controlling the fatigue tests. Also the geometric stresses for predicting fatigue performance 
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of the connections as per the local stress approaches discussed in Chapter 3 were also 
obtained from the analysis results. Estimated finite life fatigue resistance of the mast-arm 
and pole were respectively about 0.15 million and 0.2 million cycles under the nominal 
stress of 12 ksi (83 MPa). Estimated CAFT of both connections were about 4.4 ksi (30 
MPa) and 5.7 ksi (41 MPa), respectively. The stress profiles will be discussed further in 
Chapter 2 while discussing the static test results. 
A.2 Specimen Type II 
Global model of the structure and the contour plots of surface maximum principal 
stress on deformed configuration of specimen Type II are presented in Figures A-4 through 
A-6, which depict the structural behavior and response of the specimen under loading at 
the arm tip in the plane of symmetry. In the tube-to-transverse plate fillet-welded 
connections both in the pole and the mast-arm, the maximum principal stress occurred at 
the weld termination on the tube wall on the plane of symmetry. The out of plane 
deformation of the tube generating secondary stresses in the tube wall was evident in 
Figures A-5 and A-6. The resulting flexing of the pole base plate can be seen in Figure 
A-6, which points at the influence of base plate stiffness on the out of plane deformation 
of the tube wall. Estimated finite life fatigue resistance of the mast-arm and pole were 
respectively about 0.28 million and 0.17 million cycles under the nominal stress of 12 ksi 
(83 MPa). Estimated CAFT was not determined because the specimen was not test for the 
fatigue resistance of infinite life. The stress profiles will be discussed further in Chapter 2 
while discussing the static test results. 
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A.3 Specimen Type III 
Global model of specimen Type III and the contour plots of maximum principal 
stress on deformed configuration under vertical loading are shown in Figures A-7 through 
A-9. Structural behavior and responses of the specimen are same as specimen Type I and 
II. Estimated finite life fatigue resistance of mast-arm and pole tube-to-transverse plate 
groove-welded connections were respectively about 0.42 million and 1.2 million stress 
cycles under nominal stress of 12 ksi (83 MPa). Estimated CAFT for both connections 
were 7.0 ksi (48 MPa) and 11.6 ksi (80 MPa), respectively. 
A.4 Specimen Type IV 
Global models of the specimens Type IVA and IVB are presented in Figures A-10 
and A-11 with their applied loading directions. FEA results of mast-arm and pole tube-to-
transverse plate connections were omitted because those were same as the results of 
specimen Type III. Estimated finite and infinite life fatigue resistance of the connections 
are also same as those of specimen Type III.  
A.5 Specimen Type V 
Global model of the specimen is shown in Figure A-12along with its loading 
direction. FEA results of pole-to-transverse plate connection was not shown because it had 
same geometry with specimen Type III. Estimated finite and infinite life fatigue resistance 
of the connections are also same as those of specimen Type III. 
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A.6 Specimen Type VI 
FEA of the model was analyzed. The global model of the specimen is shown in 
Figure A-13 along with the loading condition. Structural behavior and response of the pole-
to-transverse plate groove-welde connection is shown in Figure A-14. Estimted finite life 
and infinite life fatigue resistance of the connection is same as specimen Type III as 
intended.  
A.7 Specimen Type VII 
Global model of the structure and the contour plots of surface principal stress on 
deformed configuration of specimen Type VII are presented in Figures A-15 through A-17, 
which show the structural behavior and response of the specimen under loading at the arm 
tip in the plane of symmetry. The deformed configuration depicts the out of plane 
deformation of the tube generating the secondary stresses in the tube wall. The maximum 
principal stress in the mast-arm and pole tube-to-transverse plate fillet-welded connections 
occurred at the weld termination on the pole wall at the folds of the multi-sided section, 
which was substantially higher compared to the principal stresses at the weld toe on the 
flat side. This observation is important, since the fatigue cracking in these structures 
initiated at the corners very early in the test. Such high stresses at the corners were primarily 
due to the smaller bend radius adopted for this section. Estimated finitie life fatigue 
resistance of mast-arm and pole tube-to-transverse plate fillet-welded connections were 
about 0.11 million and 0.1 million cycles, respectively. Estimated CAFT for both 
connections were about 2.9 ksi (20 MPa) and 3.5 ksi (24 MPa), respectively.  
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A.8 Specimen Type X 
Global model of the specimen Type X and the contour plot of maximum principal 
stress on deformed configuration under lateral loading are shown in Figures A-18 and 
A-19. The deformed configuration depicts the out-of-plane deformation of the tube 
generating the secondary stresses in the tube. The maximum principal stress in the tube-to-
transverse plate fillet-welded connection occurred at the weld termination on the tube at 
the fold of the multi-sided section. Estimated finite life fatigue resistance of the tube-to-
transverse plate fillet-welded connections was about 0.35 million stress cycles under 
nominal stress of 10 ksi (69 MPa). Estimated CAFT was 7.7 ksi (53 MPa). 
A.9 Specimen Type XI 
Global model of the specimen Type XI and the contour plot of maximum principal 
stress on deformed configuration under lateral loading are shown in Figures A-20 and 
A-21. Overall deformation and stress distribution were very similar to the results of the 
specimen Type X. Estimated finite life fatigue resistance of the tube-to-transverse plate 
groove-welded connections was about 0.43 million stress cycles under nominal stress of 
10 ksi (69 MPa). Estimated CAFT was 9.3 ksi (64 MPa). 
A.10 Specimen Type XII 
Global model of the specimen Type XII and the contour plot of maximum 
principal stress on deformed configuration under lateral loading are shown in Figures A-22 
and A-23. The deformed configuration around the stiffener termination presents out-of-
plane deformation of the tube generating secondary stress in the tube. Stress concentration 
occurred at two locations where were stiffener termination and tube-to-transverse plate 
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fillet-welded connections. The stress contour of the inner surface of the tube shows the 
punching action of the stiffener against the tube. Estimated finite life fatigue resistance of 
stiffener termination and tube-to-transverse plate fillet-welded connection were about 0.20 
and 0.33 million stress cycles under nominal stresses of 12 ksi (83 MPa) and 8.5 ksi (59 
MPa), respectively. Estimated CAFT of the stiffener termination was 7.8 ksi (54 MPa).  
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Figure A-1 Global model of specimen Type I; loading direction shown by 
arrows 
 
Figure A-2 Results of sub-model analysis of specimen Type I mast-arm 
tube-to-transverese plate fillet-welded connection 
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Figure A-3 Results of sub-model analysis of specimen Type I pole tube-to-
transverese plate fillet-welded connection 
 
Figure A-4 Global model of specimen Type II; loading direction shown by 
arrows 
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Figure A-5 Results of sub-model analysis of specimen Type II mast-arm 
tube-to-transverese plate groove-welded connection 
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Figure A-6 Results of sub-model analysis of specimen Type II pole tube-to-
transverese plate groove-welded connection 
 
Figure A-7 Global model of specimen Type III; loading direction shown by 
arrows 
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Figure A-8 Results of sub-model analysis of specimen Type III mast-arm 
tube-to-transverese plate groove-welded connection 
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Figure A-9 Results of sub-model analysis of specimen Type III pole tube-
to-transverese plate groove-welded connection 
 
 
Figure A-10 Global model of specimen Type IVA; loading direction shown 
by arrows 
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Figure A-11 Global model of specimen Type IVB; loading direction shown 
by arrows 
 
Figure A-12 Global model of specimen Type V; loading direction shown by 
arrows 
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Figure A-13 Global model of specimen Type VI; loading direction shown by 
arrows 
 
Figure A-14 Results of sub-model analysis of specimen Type VI pole tube-
to-transverse plate groove-welded connection 
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Figure A-15 Global model of specimen Type VII; loading direction shown 
by arrows 
 
Figure A-16 Results of sub-model analysis of specimen Type VII mast-arm 
tube-to-transverse plate fillet-welded connection 
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Figure A-17 Results of sub-model analysis of specimen Type VII pole tube-
to-transverse plate fillet-welded connection 
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Figure A-18 Global model of specimen Type X; loading direction shown by 
arrows 
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Figure A-19 Results of sub-model analysis of specimen Type X tube-to-
transverse plate fillet-welded connection 
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Figure A-20 Global model of specimen Type XI; loading direction shown by 
arrows 
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Figure A-21 Results of sub-model analysis of specimen Type XI tube-to-
transverse plate fillet-welded connection 
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Figure A-22 Global model of specimen Type XII; loading direction shown 
by arrows 
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Figure A-23 Results of sub-model analysis of specimen Type XII tube-to-
transverse plate fillet-welded connection 
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APPENDIX B ANALYTICAL STUDY ON EFFECT OF BACKING RING IN 
GROOVE-WELDED TUBE-TO-TRANSVERSE PLATE CONNECTION 
B.1 Background 
Tube-to-transverse plate groove-welded connections in steel sign/signal and high 
level lighting structures are usually fabricated with a backing ring to ensure adequate 
quality of weld at the weld root. This weld is deposited around the perimeter of the tube 
from outside. To avoid any ingress of acid in the gap between the backing ring and the tube 
wall during pickling in the galvanizing process, some fabricators prefer to seal the gap by 
welding the backing ring to the tube at the top. Acid may lead to crevice corrosion or 
hydrogen related cracking in service when the trapped acid is activated by moisture. For 
the same reason, the backing ring in galvanized structures is continuously welded to the 
transverse plate, in addition to eliminating any possible lack of fusion. Some fabricators on 
the other hand, prefer not to weld the backing ring to the tube. Instead, the gap between the 
backing ring and the tube wall is sealed by caulking after galvanizing (Roy et al. 2010). 
When the backing ring is welded to the tube, backing ring may behave like an 
attachment or a continuous internal stiffener so that the backing ring may share the load on 
the tube wall. Due to the load sharing, the applied stress at the groove-weld could be 
reduced and the chance of fatigue failure could be reduced. Moreover, backing ring can be 
an alternative load path if cracking occurred at the groove weld. Therefore, the backing 
ring may provide redundancy to the structure against the failure at the groove weld. 
However, the welding the backing ring to the tube may cause fatigue cracking at the 
backing ring weld as backing ring shares more load. 
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When the groove-welded tube-to-transverse plate connection using backing ring is 
fabricated, first, a backing ring is placed on the transverse plate and fillet-welded to the 
plate from the inside. Then, a tube is put slipped over the backing ring and tack-welded 
between the backing ring and the tube to hold in place. Finally, groove-weld is deposited 
from the outside of the tube. As it was mentioned earlier, the gap between backing ring and 
tube can be sealed by depositing weld or caulking to prevent crevice corrosion or hydrogen 
related cracking. In case of welding backing ring to the tube, the welder has to put their 
hand through the opening of the transverse plate to weld the backing ring. If the opening is 
small or the height of backing ring is tall, it is difficult for the welder to reach the top of 
the backing ring. As a result, it could be very difficult to control the quality of the weld at 
the top of the backing ring, and the backing ring top weld may become suspicious for 
fatigue cracking. Therefore, larger access opening in the transverse plate should be 
provided to ensure depositing good quality weld. Larger opening cannot be made from the 
small diameter tube, so that larger diameter tube may benefited by welding backing ring to 
tube wall.  
As it was already discussed about the factors which affect the behavior of the tube-
to-transverse plate welded connections, relative stiffness of the tube and the transverse 
plate controls the stress concentration at the welded connection. Thus it is evident that 
welding the backing ring to the tube could increase the flexural stiffness of the tube and 
will affect the out-of-plane bending near the weld toe, although backing rings are not 
considered as a structural component in design. If stresses near weld toe region are affected 
by backing ring, then the backing ring cannot be negligible anymore and could be treated 
as a structural component.  
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B.1.1 Previous study and specification 
Investigation on tube-to-transverse plate groove-welded connection with backing 
ring welded at the top by Koenigs et al. (2003) as a part of study on fatigue strength of 
mast-arm connections. The purpose of testing this type of connection was to prove that 
fatigue performance of this detail was not as good as other types of connection, such as 
tube-to-transverse plate fillet-welded connections. Two mast-arm specimens were 
procured for the testing. Fatigue cracking developed at the toe of tube-to-transverse plate 
groove weld. Static test was performed prior to fatigue test. A strain gauge was installed at 
the mid-height of backing ring on outer face of the tube along the loading plane. The static 
test results demonstrated that the measured strain was significantly lower than the expected 
strain assuming backing ring was not effective, and very close to the expected strain 
assuming backing ring was fully effective. It was hypothesized that the length of backing 
ring and fillet-weld at the top of backing ring produced the stress reduction. Same research 
group tested four more high level lighting structure specimens with groove-welded 
connection including backing ring top weld, but only fatigue test was performed, and 
further research was not conducted to quantify the effect of backing ring on fatigue 
performance of tube-to-transverse plate groove-welded connections. 
{Maybe summary of static test/fatigue test results done by NCHRP} 
The current AASHTO Standard Specification for Structural Supports for Highway 
Signs, Luminaires, and Traffic Signals, 5th Edition, 2009 does not recognize the cracking 
at the backing ring weld, reservation against welding backing ring to tube, and load sharing 
effect in backing ring.  
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B.2 Parametric Study 
B.2.1 Parameter Identification 
The effect of backing ring on the fatigue performance was evaluated 
parametrically based on elastic 3D FEA. As it was discussed in the introduction, when the 
backing ring is welded to the tube, backing ring may share load in the tube because backing 
ring provides additional flexural stiffness. The additional stiffness can be represented by 
the height and the thickness of backing ring. If the backing ring is tall and thick, the backing 
ring becomes stiffer. As a result, the backing ring can share more load in the tube. 
Therefore, the height and thickness of the backing ring can be a parameter for the 
parametric study. However, the thickness of the backing ring was fixed as 1/4 in. (6.4 mm) 
which is commonly used in the field, because the thicker backing ring may increase the 
size of lack of fusion between the bottom of backing ring and the transverse plate. Larger 
lack of fusion may decrease the fatigue resistance of the backing ring-to-transverse plate 
fillet-weld. Moreover, tube diameter was also considered as a parameter. Since the 
additional stiffness was interested in this study, the load sharing in the backing ring could 
be assessed by the relative stiffness between tube and backing ring. The moment of inertia 
of the tube section is proportional to the thickness and tube of diameter, respectively. 
Hence, the stiffness of the tube could be more sensitive to the tube diameter compare to 
the tube thickness.  
B.2.2 FEA Model Description 
Two FEA models, simulating sign/signal support structures and high level 
lighting support structures, had groove-welded tube-to-transverse plate connection with 
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welding at the top of the backing ring were analyzed for the parametric study. Both models 
were identical to the specimens Type II and XI, respectively. The thickness of backing ring 
is 1/4 in (6 mm), and height of the backing ring is varied as a variable. A clear 1/32 in (0.8 
mm) gap was provided between the tube and the backing ring as per the fabrication drawing 
for the tested specimens. Four backing ring heights — 1 in (25 mm), 2 in (51 mm), 4 in 
(102 mm), and 10 in (254 mm) — were applied to each model, and a case without backing 
ring was analyzed as a reference.  
FEA were conducted using a commercially available software ABAQUS. Two 
levels of 3D FEA models —global model and submodel— were developed and analyzed 
to determine the local stress accurately. Typical global and submodel of sign/signal 
structure and high level lighting structure are shown in Figures B-1 and B-2. Realistic 3D 
global model simulating all features of specimen including nominal weld geometry, 
handhole and fasteners was developed. Details of the FEA models are as same as the FEA 
modeling described in Section 3.4.  
B.2.3 Discussion of Findings 
The effect of the backing ring height upon the behavior of the groove-welded 
tube-to-transverse plate connections was assessed by examining the maximum principal 
stresses in the tube wall. The direction and value of maximum principal stress at the outer 
most tension face is very close to the longitudinal stress, and the maximum principal stress 
plot may directly demonstrate the geometric stress of the connection. Figures B-3 and B-6 
present geometric stresses and variations of maximum principal stress along the length of 
the tube, or the stress profile for various backing ring heights. The stresses were plotted at 
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the outer most tension face of the tube, starting at the groove-weld toe and extending up to 
12 in. (305 mm) along the tube wall. Also, the geometric stresses were identified for each 
backing ring height to assess its influence on the fatigue performance of the tube-to-
transverse plate connection with fatigue cracking at the groove-weld toe on the tube.  
Figure B-3 shows the stress profiles of the mast-arm of sign/signal structure model. 
The diameter of the mast-arm was 10 in. (254 mm).The general trend of the stress profiles 
in the figure is not much different from the typical stress profile of tube-to-transverse plate 
connection. However, comparing to the stress profile of the model without backing ring, 
stress profiles of all backing ring heights exhibited lower stresses in the backing ring region 
and distinct discontinuities in the region of the backing ring top welds. The stress profiles 
eventually matched the estimated nominal stress away from the backing ring-to-tube weld. 
The reduction in stresses in the backing ring region and the severity of the discontinuities 
increased with the height of the backing ring. The geometric stress decreased significantly 
with increasing backing ring height. The geometric stress concentration factors (GSCF), 
which were obtained by dividing geometric stress into nominal stress, are listed in Table 
B-1. Figure B-4 shows the stresses plotted at the outer and inner most tension face of the 
tube, starting at the level of groove-weld toe and extending up to 10 in. (254 mm) along 
the tube wall. The curvature of the stress profile on the inner surface of the backing ring 
was opposite to the stress profile on the outer surface of the tube. The inner surface stress 
profile clearly shows the stress concentration at the weld notch of backing ring top weld. 
Figure B-5 shows the inner surface longitudinal stress profiles of the models with various 
backing ring height. Geometric stresses for each backing ring height are shown with 
symbols. The inner surface stress profiles in the backing ring region were low, and 
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geometric stresses at the backing ring-to-tube connection were increased with height of the 
backing ring. The geometric stress concentration factors (GSCF) at the backing ring-to-
tube connection are tabulated in Table B-1. When the height of backing ring was 1 in. (25 
mm), the GSCF at the backing ring-to-tube connection was very close to 1.0. Opposite to 
the geometric stresses at the groove-welded connection, the geometric stresses at the 
backing ring top weld increased with the height of the backing ring.  
Figure B-6 shows the stress profiles of the high level lighting structure model. The 
flat-to-flat outer distance was 24 in. (610 mm). Similar to the stress profiles of sign/signal 
structure models, stresses were lower in the backing ring region and discontinuity was 
shown in backing ring weld region. The stress profiles of the models with 1.0 in. (25 mm) 
and 2.0 in. (51 mm) backing rings were similar, except for the discontinuity in the vicinity 
of the backing ring top weld. The geometric stresses in these two models were almost the 
same. The models with a 4 in. (102 mm) and 10 in. (254 mm) high backing rings exhibited 
a larger discontinuity of stress in the region of the backing ring top weld and a lower 
geometric stress. The stress profile at the inner most tension face for each backing ring 
height showed that the stresses at the surface of backing ring were lower, and the geometric 
stresses at the backing ring-to-tube connection increased from backing ring height of 1 in. 
(25 mm) to 4 in. (102 mm) and the geometric stress of 10 in. (254 mm) backing ring was 
almost same as 4 in. (102 mm) backing ring.  
The GSCF of 10 in. (254 mm) backing ring model at the groove-weld was 79% 
lower than the model without backing ring. On the other hand, the GSCF of 10 in. (254 
mm) backing ring model of sign/signal structure was 68% lower than the model without 
backing ring. Moreover, the GSCF at backing ring-to-tube connection in sign/signal 
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structure model with 10 in. (254 mm) backing ring increased by 99% comparing to 1 in. 
(25 mm) backing ring model. However, the GSCF at backing ring-to-tube connection in 
high level lighting structure model with 10 in. (254 mm) backing ring increased by 54% 
comparing to 1 in. (25 mm) backing ring model. The results show that geometric stress 
concentrations at groove-welded tube-to-transverse plate connection with backing ring top 
weld and backing ring-to-tube connection are less sensitive to the larger diameter tubes. 
Moreover, another feature in the variance of stresses in welded connections of groove-
welded tube-to-transverse plate connection is that as height of backing ring increases, the 
geometric stress at the groove-welded connection decreases and the geometric stress at the 
backing ring-to-tube connection increases. It may be explained by the load sharing in 
backing ring. As it was discussed earlier, larger backing ring makes the connection stiffer 
and could share more load and reduce the load in tube. The load sharing can be explained 
by investigating in-plane membrane stress and out-of-plane bending stress in the tube and 
backing ring effectively. 
Figures B-10 through B-13 demonstrate the variation of in-plane membrane stress 
and out-of-plane bending stress in tube for sign/signal structure model and high level 
lighting structure model, respectively. The in-plane membrane and out-of-plane bending 
stresses were obtained by separating through thickness stress into membrane and bending 
component. Figures B-11 and B-13 clearly present that the stress concentrations near the 
groove-weld region and discontinuities at the backing ring are caused by the out-of-plane 
bending or distortion of the tube. Bending stresses diminish rapidly away from the backing 
ring, because the out-of-plane bending only exists near the tube-to-transverse plate and the 
backing ring-to-tube connections. The in-plane membrane stress profiles (Figures B-10 and 
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B-12) show a reduction of stresses in the tube in the backing ring region. The reduction 
increased with the height of backing ring. It is evident that the backing ring increases the 
flexural stiffness of tube, and backing ring shares more load as it becomes stiffer. Another 
interesting observation was that the out-of-plane bending stresses near the groove-weld toe 
were almost the same irrespective of the height of backing rings. It indicates that the out-
of-plane bending in the tube near the connection is mostly governed by the relative stiffness 
of tube and transverse plate and less affected by the backing ring, and backing ring only 
affects the discontinuity in backing ring top weld region. Thus, the reduction in geometric 
stresses in longer backing ring is due to the reduction in in-plane membrane stresses. 
B.2.4 Nominal Stress Adjustment 
Conventionally, backing ring has not been considered as a structural member. As 
such, backing ring was not included for the nominal stress calculation. However, 
parametric study and static test results showed that the participation of backing ring in 
sharing load was not negligible for smaller diameter tube when it is welded to the tube. 
The backing ring clearly affects the stress distribution around the backing ring and may 
control the fatigue performance of the connection. 
For example, the nominal stress of the mast-arm tube-to-transverse plate groove-
welded connection in sign/signal structure was determined by considering some portion of 
the backing ring thickness. In Figure B-14, the membrane stresses in both tube and the 
backing ring at the mid-height [1 in. (25 mm) from the backing ring] are 9.8 ksi (68 MPa) 
and 1.8 ksi (12 MPa), respectively. Sum of two membrane stresses is 11.6 ksi and it is very 
close to the nominal stress at the mid-height of the backing ring when only the tube is 
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considered [11.8 ksi (81 MPa)]. Therefore, it proves that the backing ring is partially 
effective, and the nominal stress of 9.8 ksi (68 MPa) in tube wall could be calculated if we 
assume that 16% of the backing ring thickness is effective. Finally, at the section at the 
groove weld toe, the nominal stress was 9.9 ksi (68 MPa) considering 16% of the backing 
ring thickness in the calculation.  
B.2.5 Conclusion 
The results of parametric study showed that the backing ring height had an effect 
on sharing load in the tube when the backing ring was welded to the tube, because backing 
ring provided additional stiffness. As the height of backing ring became low, backing ring 
was participating less, so that the stresses in the tube were increased. The bending 
component of the stresses in tube not affected by the backing ring height, but the membrane 
component of the stress was decreased. Moreover, the diameter of tube had an effect to the 
stresses. When the same height of backing ring was applied, backing ring participation was 
less when the diameter of tube was large. It is an important observation, because as backing 
ring shares more load, the possibility of having cracking at the backing ring top weld 
becomes higher, which is not desirable. Also, larger diameter tube can provide larger 
opening to the transverse plate for better accessibility to the backing ring top, so that the 
quality of weld can be ensured. 
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Table B-1 GSCF of sign/signal structure models 
Backing Ring Height 
0.0 in  
(0 mm) 
1.0 in  
(25 mm) 
2.0 in  
(51 mm) 
4.0 in  
(102 mm) 
10.0 in  
(254 mm) 
GSCF at Groove-weld 2.10 1.92 1.73 1.64 1.42 
GSCF at Backing Ring 
Top Weld 
— 0.97 1.58 1.72 1.92 
Table B-2 GSCF of high level lighting structure models 
Backing Ring Height 
0.0 in  
(0 mm) 
1.0 in  
(25 mm) 
2.0 in  
(51 mm) 
4.0 in  
(102 mm) 
10.0 in  
(254 mm) 
GSCF at Groove-weld 2.26 2.10 2.11 1.99 1.78 
GSCF at Backing Ring 
Top Weld 
— 1.01 1.36 1.52 1.56 
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Figure B-1 Global (a) and submodel (b) of sign/signal structures 
(a) 
(b) 
 745 
 
 
 
Figure B-2 Global (a) and submodel (b) of high level lighting structures 
(a) 
(b) 
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Figure B-3 Stress profiles of sign/signal structure model with different 
height of backing ring 
 
Figure B-4 Longitudinal stress profiles of 4 in. (102 mm) backing ring 
model 
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Figure B-5 Longitudinal stress profiles of sign/signal structure model on 
the inner surface of the tube 
 
Figure B-6 Stress profiles of high level lighting structure model with 
different height of backing ring 
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Figure B-7 Longitudinal stress profiles of high level lighting structure 
model on the inner surface of the tube 
 
Figure B-8 Variance of GSCF in sign/signal structure models 
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Figure B-9 Variance of GSCF in high level lighting structure models 
 
Figure B-10 In-plane membrane stresses in the tube of sign/signal structure 
model 
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Figure B-11 Out-of-plane bending stresses in the tube of sign/signal 
structure model 
 
Figure B-12 In-plane membrane stress in the tube of high level lighting 
structure model 
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Figure B-13 Out-of-plane bending stress in the tube of high level lighting 
structure model 
 
Figure B-14 In-plane membrane stresses in the tube and the backing ring of 
sign/signal structure mast-arm
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APPENDIX C STRESS EVALUATION IN ABAQUS 
In finite element analysis, the element stresses, as calculated from the element 
displacement field, are given by the equationEquation Section (Next) 
{ } [ ]{ } [ ][ ]{ }e e= =σ E ε E B d  (C-1) 
where, vector {σe} is the element stress, vector {εe} is the element strain, matrix [E] is the 
material property, strain-displacement matrix [B] is the function of coordinates, and vector 
{d} is the nodal displacement. As 20 node solid element is concerned, the exact expression 
for each variable is defined as follows. 
{ }e xx yy zz xy xz yz = σ σ σ σ σ σ σ  (C-2) 
[ ]
1 0 0 0
1 1
1 0 0 0
1 1
1 0 0 0
1 1(1 )
1 2(1 )(1 2 ) 0 0 0 0 0
2(1 )
1 2
0 0 0 0 0
2(1 )
1 2
0 0 0 0 0
2(1 )
E
ν ν 
 − ν − ν 
ν ν 
 − ν − ν
 ν ν 
 − ν − ν− ν
=  − ν+ ν − ν  
− ν 
 − ν
 
− ν 
 − ν
 
− ν  
E  (C-3) 
{ } 1 1 1 2 2 2 20 20 20
T
u v w u v w u v w=   d ⋯⋯  (C-4) 
v and E are the Poisson's ratio and modulus of elasticity, respectively. 
To evaluate the element stress, we should calculate the element strain first. The 
element strain is defined in terms of the derivative of displacement component as follows. 
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D matrix is the transformation matrix. 
1 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 1
0 1 0 0 1 0 0 0 0
0 0 1 0 0 0 1 0 0
0 0 0 0 0 1 0 1 0
 
 
 
 
=  
 
 
 
 
D  (C-6) 
Now, isoparametric formulation is applied to define the displacement field and 
geometry field with identical coordinate system by interpolating both fields in a parent 
coordinate (ξ–η or ξ–η–ζ). Also, it permits quadrilateral and hexahedral elements to have 
non-rectangular shapes. Shape functions are used to interpolate both the displacement field 
and element geometry. Equations C-7 and C-8 are the shape functions of each node. Figure 
C-1 shows parent coordinate and actual element and coordinate. 
 754 
 
 
1
2
3
4
5
6
7
1
(1 )(1 )(1 )(2 )
8
1
(1 )(1 )(1 )(2 )
8
1
(1 )(1 )(1 )(2 )
8
1
(1 )(1 )(1 )(2 )
8
1
(1 )(1 )(1 )(2 )
8
1
(1 )(1 )(1 )(2 )
8
1
(1 )(1 )(1
8
N
N
N
N
N
N
N
= − − ξ − η − ζ + ξ + η+ ζ
= − + ξ − η − ζ − ξ + η+ ζ
= − + ξ + η − ζ − ξ − η+ ζ
= − − ξ + η − ζ + ξ − η+ ζ
= − − ξ − η + ζ + ξ + η − ζ
= − + ξ − η + ζ − ξ + η − ζ
= − + ξ + η + ζ
8
)(2 )
1
(1 )(1 )(1 )(2 )
8
N
− ξ − η − ζ
= − − ξ + η + ζ + ξ − η − ζ
  (C-7) 
 755 
 
 
2
9
2
10
2
11
2
12
2
13
2
14
2
15
2
16
2
17
18
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
N
N
N
N
N
N
N
N
N
N
= − ξ − η − ζ
= + ξ − η − ζ
= − ξ + η − ζ
= − ξ − η − ζ
= − ξ − η + ζ
= + ξ − η + ζ
= − ξ + η + ζ
= − ξ − η + ζ
= − ξ − η − ζ
2
2
19
2
20
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
1
(1 )(1 )(1 )
4
N
N
= + ξ − η − ζ
= + ξ + η − ζ
= − ξ + η − ζ
  (C-8) 
Using isoparametric formulation, the coordinate and derivative of each point can 
be defined in terms of nodal coordinate and shape function of each node. ix, iy and iz are 
nodal coordinate of i-th node. 
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In Equation C-5, element strain components are expressed in terms of derivative of 
displacement with respect to x, y, z coordinates. However, the displacement field is defined 
in parent coordinate system. Therefore, the relationship between derivative of displacement 
with respect to Cartesian coordinate system and parent coordinate system, which is called 
Jacobian, should be determined. 
u x y z u u
x x
u x y z u u
y y
u x y z u u
z z
   ∂ ∂ ∂ ∂    ∂ ∂
       ∂ξ ∂ξ ∂ξ ∂ξ ∂ ∂       
   ∂ ∂ ∂ ∂ ∂ ∂   
= =      ∂η ∂η ∂η ∂η ∂ ∂      
      ∂ ∂ ∂ ∂ ∂ ∂
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The exact expression of Jacobian matrix is 
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J  (C-11) 
Therefore, derivative of displacements with respect to Cartesian coordinate can be derived 
by using Jacobian matrix as defined in Equations C-10 and C-11. 
1
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Now, all the derivatives of displacement components are defined as follows. 
1
1
1
,  where 
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Element strain is expressed with respect to parent coordinate system. 
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Also, displacement of any point in an element can be defined using isoparametric 
formulation similar to the coordinates. iu, iv and iw  are the displacement of i-th node. 
20 20
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20 20
1 1
20 20
1 1
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i i i
i i
i
i i i
i i
i
i i i
i i
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u N u u
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= =
= =
= =
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∂ξ ∂ξ
∂∂
= ⋅ = ⋅
∂ξ ∂ξ
∂∂
= ⋅ = ⋅
∂ξ ∂ξ
∑ ∑
∑ ∑
∑ ∑
 (C-15) 
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Equation C-16 shows the exact formulation of the derivative of displacement 
component. 
1 2
1 2
1 2
1 2
1 2
1 2
1 2
1 2
1
0 0 0 0
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0 0 0 0
0 0 0 0
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  ∂η  
 ∂
  ∂ζ  
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 ∂ζ ∂ζ 
⋯
⋮
 (C-16) 
Therefore, exact expression for strain-displacement matrix [B] is 
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 (C-17) 
According to Barlow (1976), stresses computed followed by the above equation are more 
accurate at Gauss point than elsewhere in an element. Moreover, element nodal stresses 
computed by the extrapolation from the stresses at the Gauss points are more accurate than 
the stresses directly computed using Equation C-1. 
C.1 Nodal Stress Evaluation in Abaqus 
In ABAQUS, the stress values obtained from either Gauss points (integration 
points) or element nodes. From the FEA, the stresses at the Gauss points are the most 
accurate, but the accuracy of nodal stresses are highly dependent on the mesh density. Since 
the Gauss points are located inside of the element, it is not convenient to use the Gauss 
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point stress, but the nodal stresses can be easily captured from the surface of the element. 
There are two ways to evaluate stresses at the nodes. Nodal stress can be obtained from 
nodal displacement or extrapolating integration point stresses from the Gauss points to the 
nodes. Nodal stresses computed by extrapolation from the stresses at the Gauss points are 
more accurate than the stresses directly computed from the nodal displacement (Barlow 
1976). ABAQUS uses linear extrapolation technique to calculate the nodal stresses. 
The formulation of 20 node solid element is complicated and not appropriate to 
present how ABAQUS calculates nodal stress. Thus, to make the explanation simpler, 8 
node plane element with reduced integration is selected. For extrapolating the stresses from 
the Gauss points, applying parent coordinate system is convenient. As it is shown in Figure 
C-2, the parent coordinate system has two dimensionless coordinates, r and s. By mapping 
an arbitrary element to this coordinate system, four Gauss points and four corner nodes will 
be positioned at (±1, ±1) and (±√3, ±√3), respectively.  
A linearly extrapolated stress at an arbitrary point P(a, b) in parent coordinate 
system can be obtained by using bilinear shape function of four node linear plane element. 
The shape functions are expressed as follows. 
)1)(1(
4
1
)1)(1(
4
1
)1)(1(
4
1
)1)(1(
4
1
4
3
2
1
srN
srN
srN
srN
+−=
++=
−+=
−−=
 (C-18) 
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The linearly extrapolated stress at an arbitrary point (σP) can be determined as a summation 
of each shape function (Ni) times the corresponding Gauss point stress (σi). 
P i i
i
Nσ = σ∑   (C-19) 
where, i denotes the Gauss point number. For example, the nodal stress at a node r = √3, s 
= √3 can be determined as follows. 
13, 3
2
3
4
1 2 3 4
1
(1 3)(1 3)
4
1
(1 3)(1 3)
4
1
(1 3)(1 3)
4
1
(1 3)(1 3)
4
0.134 0.5 1.87 0.5
r s= =
σ = − − σ
+ + − σ
+ + + σ
+ − + σ
= σ − σ + σ − σ
 (C-20) 
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Figure C-1 20 node solid isoparametric element 
 
Figure C-2 Parent coordinate system used in extrapolating of stresses from 
Gauss points 
 
<Parent Coordinate System>
<Actual Coordinate System>
y
x
z
η
η = 1
η = 1
ζ ζ
ζ = 1
ξ
ξ
η
ξ = 1
Gauss Point
r
s
r = 1
s = 1
r = √3, s = √3
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